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Abstract: High-density planting is crucial for maximizing the genetic potential of soybean
cultivars to achieve higher yields. However, increasing the planting density can lead to the
risk of plant lodging. Therefore, the identification of gene loci associated with lodging resis-
tance is considered critical for the development of high-yielding, lodging-resistant soybean
cultivars. In this study, 338 natural soybean accessions from the similar latitude were used
to identify candidate genes associated with lodging resistance. Based on 9,400,987 SNPs,
the soybean population was classified into three subpopulations. Genome-wide association
analysis revealed that under planting densities of 300,000 and 150,000 plants/ha, a total of
20 significant SNPs were repeatedly detected under both planting densities, distributed
across 14 chromosomes of soybeans. A hotspot region was identified on chromosome 19,
from which seven candidate genes were detected. Based on haplotype and gene expres-
sion analyses, Glyma.19g212800 (SUS3) and Glyma.19g212700 (GH9B13) were found to be
associated with significant phenotypic variations and were identified as candidate genes.
RNA-seq analysis showed that DEGs were primarily enriched in the starch and sucrose
metabolism pathways. The differential expression of Glyma.19g212800 among soybean hap-
lotypes was further validated by qRT-PCR. By participating in sucrose decomposition and
polysaccharide metabolism processes, it regulated cellulose content, thereby affecting the
soybean plant lodging. This study facilitated the dissection of genetic networks underlying
lodging traits in soybean, which benefits the genetic improvement of high-yield soybean
with dense planting.

Keywords: soybean; genome-wide association; lodging; single nucleotide polymorphism
(SNP); candidate gene

1. Introduction
Soybean (Glycine max (L.) Merr.), as a major oil crop and a significant source of plant

protein, is cultivated worldwide [1]. Recent advancements in breeding have emphasized
the importance of high-density planting techniques for maximizing the yield potential of
soybean cultivars [2,3]. The primary factors influencing soybean tolerance to high planting
density include plant architecture and lodging resistance [4,5]. The morphological traits
include agronomic characteristics such as plant height, stem diameter, number of branches,
number of nodes on the main stem, and leaf-related traits [6,7]. These agronomic traits
affect soybean tolerance to high-density, light interception rates, and cause competition for
moisture, ultimately influencing grain yield.
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Increasing planting density increased the risk of plant lodging, which led to significant
reductions in crop yield and quality by reducing photosynthesis and nutrient transport.
Since the Green Revolution, the development of cultivars with strong lodging resistance
and optimal plant architecture has been consistently pursued by plant breeders. This
effort laid the foundation for increasing crop yield and productivity through genetic
improvement [7,8]. Lodging is a complex trait controlled by multiple QTLs and genes [9].
The study of quantitative trait loci associated with lodging and the relevant genes was
of significant importance for guiding molecular marker-assisted selection (MAS) and for
investigating the molecular basis of this trait.

Appropriately reducing plant height and increasing the main stem nodes were crucial
for improving the lodging resistance of soybean. Plant height, however, is regulated by
the flowering stage, with early flowering soybean varieties usually being shorter than
late-flowering varieties [10–12], indicating a significant correlation between the degree
of lodging and plant architecture. The stem strength [13], stem bending force, and root
system morphology [14,15] are closely associated with lodging. In addition, multiple envi-
ronmental factors (such as diseases, wind speed, and water stress) significantly influence
the occurrence of soybean lodging [16,17]. Therefore, identifying the major quantitative
trait loci (QTLs) and candidate genes associated with lodging resistance in soybeans was
expected to contribute to improvement of the soybean lodging resistance. Multiple QTLs
associated with lodging score have been deposited in SoyBase (http://www.soybase.org/).
(accessed on 1 November 2024) Specht et al. found five QTLs on chromosomes 6, 12, and 19
using SSR and RFLP markers in F7:11 populations from the crossing of Minsoy × Noir1 [18].
In a separate study, Lee et al. identified four QTLs related to soybean lodging on chro-
mosomes 4, 6, and 19 using 1536 SNP markers [19]. Most of the aforementioned QTLs
were identified using low-density genetic linkage maps constructed from soybean RIL
populations through SSR and RFLP markers. Owing to the limited size of natural pop-
ulations, numerous QTLs exhibited wide confidence intervals, resulting in the mapping
of only a limited number of loci under diverse environmental conditions. Therefore, the
exploration of gene loci for tolerance to dense planting and cultivating high-yield and
dense-tolerant varieties was beneficial for improving soybean yield. Genome-wide associa-
tion study (GWAS) is a powerful tool for identifying links between phenotype variations
and nucleotide polymorphisms in diverse natural populations [20]. It provides insights
into the genetic basis of complex agronomic traits derived from natural allelic variation
formed over multiple generations [21]. GWAS has been proven effective in pinpointing
genes responsible for lodging resistance, with numerous examples reported in soybean. For
instance, GWAS analysis conducted on 130 soybean lines identified two QTLs associated
with stem lodging resistance, which were located on chromosomes 5 and 11 [14]. In a previ-
ous study, Tokachi nagaha was used as a parent and 137 varieties that were derived from it
were subjected to association mapping, through which 27 significant SNPs were detected
near major QTLs for agronomic traits [22]. Similarly, several examples were also reported
in maize [23,24]. In Brassica napus, 92 SNPs and 50 SSR loci were identified by GWAS as
being associated with lodging resistance and lignin-related traits [25]. Among 795 rice
varieties, 33 pleiotropic loci were identified by GWAS, and OsFBA2 was confirmed as a
candidate gene conferring lodging resistance [26]. In wheat, GWAS has also been widely
used to discover lodging resistance genes, with 14 significant SNPs and 13 QTLs identified
in natural populations. Additionally, two candidate genes related to cellulose crystallinity,
TraesCS4B03G0029800 and TraesCS5B03G1085500, were identified [27]. Another GWAS
employed a novel high-throughput phenotyping (HTP) method to assess the lodging trait
in wheat, and identified a key genomic region on chromosome 2A [28].

http://www.soybase.org/
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The combination of favorable alleles at lodging-resistance loci was considered ben-
eficial for achieving optimal plant architecture-suitable dense planting. In this study,
whole-genome resequencing was performed on 338 soybean accessions to explore popula-
tion structure and genetic diversity. Lodging scores were evaluated at planting densities of
300,000 and 150,000 plants/ha for the purpose of conducting a genome-wide association
study. The results of the GWAS confirmed the presence of co-localized intervals, and was
followed by screening using gene annotation and haplotype analysis. This study aims
to provide new insights into the genetic mechanisms underlying lodging resistance in
soybeans. The results are expected to facilitate the genetic improvement of soybean for
tolerance to high planting density and resistance to lodging.

2. Results
2.1. Phenotype Variations of Lodging Traits in Soybean

Under the planting densities of 300,000 and 150,000 plants/ha, lodging exhibited
approximately fivefold variation. The observed ranges were 1.05–5.00 and 1.00–5.00, with
corresponding mean values of 3.85 ± 0.91 and 3.51 ± 1.04, respectively. The coefficient of
variation spanned from 14.6% to 37.7%, and the broad-sense heritability under the two
planting densities ranged from 0.52 to 0.55, indicating a broad range of variability (Table 1,
Figure 1). The correlation analysis indicated that the significant correlation coefficients
for the two-year repetitions at different densities in the Scientific Experimental Base of
Shenyang Agricultural University are 0.62 and 0.58, respectively. Furthermore, a notable
positive correlation was observed between different densities at the same experimental site,
ranging from 0.82 to 0.89 (Figure 2).
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Table 1. Statistical and differential analysis of lodging traits in 338 soybean accessions across varying
environmental conditions.

Trait Environments Density (×104

Plants/ha) Range Mean SD CV% H2

Lodging
Score

DL2023 30 1.00–5.00 3.919 0.944 24.13

0.55
SH2023 30 1.00–5.00 4.398 0.642 14.61
HN2023 30 1.00–5.00 3.588 1.014 28.22
SH2022 30 1.10–5.00 3.502 1.037 29.64
Mean 30 1.05–5.00 3.852 0.909 24.10

DL2023 15 1.00–5.00 3.612 1.158 32.15

0.52
SH2023 15 1.00–5.00 4.219 0.781 18.51
HN2023 15 1.00–5.00 3.131 1.058 33.86
SH2022 15 1.00–5.00 3.073 1.159 37.70
Mean 15 1.00–5.00 3.509 1.039 30.59

Int. J. Mol. Sci. 2025, 26, x FOR PEER REVIEW 4 of 23 
 

 

 

Figure 1. Frequency distribution histograms of lodging values and BLUP values under varying 
planting densities across different cultivation sites. (A) A density map of the 2022 SH site. (B) A 
density map of the 2023 SH site. (C) A density map of the 2023 DL site. (D) A density map of the 
2023 HN site. (E) A density map of the BLUP value. 

 
Figure 2. Pearson correlation analysis of 338 soybean germplasms for lodging at different planting densities.

2.2. Linkage Disequilibrium, Population Genetic Structure, and SNP Distribution

To further understand the genetic basis of trait variation, SNP diversity was analyzed
in 338 soybean germplasm populations and their genomes were mapped using soybean
Williams82 (Wm82.a2.v1) as a reference genome, which detected a total of 94,009,887 SNPs
and 13,247,714 indels covering 20 chromosomes of the soybean genome (MAF > 0.05, miss-
ing genotype < 15%). Linkage disequilibrium (LD) decay was represented graphically, with
the average r2 value across the entire genome being 0.19. The LD decay initiated at 0.61
and reached half-decay at r2 = 0.31. When the SNP distance reached approximately 100 kb,
the coefficient of determination (r2) decreased to half of its maximum value (Figure 3A).
The optimal K-Means clustering value was observed at K = 3, confirming the classification
of 338 soybean genotypes into three subgroups (Figures 3B and S1). Principal component
analysis (PCA) indicated that the accessions were categorized into three distinct subgroups
(Figure 3C), which was consistent with the phylogenetic tree. All 20 chromosomes were
covered by the detected SNPs, with the highest and lowest SNP numbers observed on
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Chr.13 (218,699) and Chr.18 (53,502), respectively (Figure 3D). Chr.11 and Chr.16 showed
the lowest and highest SNP densities of 1538.74 SNPs/Mb and 49.02 SNPs/Mb, respec-
tively. The heat map and dendrogram of the kinship matrix were generated based on
the polymorphic SNPs, which revealed three distinct clusters of the soybean accessions
(Figure 3E).Therefore, the genome-wide LD pattern was examined to estimate the number
of haplotypes containing SNPs for subsequent candidate gene interval identification.

2.3. Genome-Wide Association Analysis

To identify the genetic basis of natural variation in the lodging resistance of soybeans
under different density conditions, a total of 9,400,987 high-quality SNP markers were used,
and the phenotypic BLUP values of the lodgings score in four environments in 2022 SH,
2023 SH, 2023 HN, and 2023 DL were applied to conduct GWAS analysis on 338 soybean
accessions using the mixed linear model MLM (Q + K) model (Figure 4). Under high-
density conditions, a total of 135 SNP loci were significantly associated with lodging score
(−log10 (p) ≥ 5), and a total of 102 SNP loci were significantly associated with lodging
score (−log10 (p) ≥ 5) in low-density conditions, with association signals detected across
all 20 chromosomes of soybean (Table S1). Twenty significant SNPs were consistently
identified under both planting density conditions, indicating that these SNPs are stable
markers for comparison. The associated SNP loci were distributed across 14 chromosomes
(Table 2). Significant SNP loci were detected on chromosomes 4, 7, 9, 10, 11, 15, 18, and
20 (one significant SNP per chromosome), whereas two significant SNPs were identified
on chromosomes 1, 2, 3, 8, 14, and 19. Additionally, a hotspot region was identified on
chromosome 19, with the SNP peak position locus located at 46,692,661 bp. The −log10 (p)
values under different planting densities were 7.85 and 9.45, explaining the highest phe-
notypic variation at 9.16 and 10.99%, respectively. The results suggested that multiple
genes associated with SNPs located on different chromosomes collectively influence the
lodging resistance of soybeans. The repeatedly detected linked gene loci under different
environments provided a solid foundation for dissecting the genetic network of soybean
lodging resistance.

Table 2. SNP loci significantly associated with lodging traits detected at different planting densities.

Chr. Peak Loci PEAK Position −log 10 (p) PVE (%) MAF

1 Chr01:39325847 39,325,847 5.31–6.03 6.03–6.91 0.022
1 Chr01:44922215 44,922,215 5.76–5.21 5.90–6.60 0.034
2 Chr02:2604732 2,604,732 5.53–5.54 6.31–6.32 0.019
2 Chr02:15458372 15,458,372 6.48–6.81 6.66–7.47 0.028
3 Chr03.:35831309 35,831,309 5.31–5.62 6.01–6.42 0.092
3 Chr03:36451125 36,451,125 6.30–7.19 7.04–8.35 0.158
4 Chr04:47442227 47,442,227 5.31–5.69 6.04–6.50 0.021
7 Chr07:20616713 20,616,713 5.32–5.37 6.03–6.11 0.015
8 Chr08:30754555 3,075,4555 5.99–6.51 6.86–7.57 0.024
8 Chr08:32270717 3,2270,717 5.14–6.12 5.81–7.04 0.013
9 Chr09:35877303 35,877,303 5.52–6.26 6.29–7.19 0.021

10 Chr10:5376997 5,376,997 5.45–6.27 6.19–7.22 0.075
11 Chr11:3581424 3,581,424 5.61–6.85 6.39–7.94 0.050
14 Chr1.:326408 326,408 6.21–6.22 7.13–7.14 0.411
14 Chr14:617529 617,529 5.21–5.55 5.90–6.33 0.450
15 Chr15:49852803 49,852,803 5.59–5.75 6.38–6.61 0.058
18 Chr18:15099487 15,099,487 5.46–5.60 5.73–6.22 0.040
19 Chr19:44477717 44,477,717 5.84–7.09 6.69–8.20 0.432
19 Chr19:46692661 46,692,661 7.85–9.45 9.16–10.99 0.327
20 Chr20:7716540 7,716,540 5.28–6.45 5.98–7.44 0.120
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Figure 3. Analysis of population structure and linkage disequilibrium in 338 soybean samples. (A) LD
analysis of the 338 germplasms. (B) Cross-validation error rate based on clustering of the 338 samples.
(C) Principal component analysis of the 338 germplasms. (D) SNP diversity analysis across the
20 chromosomes of soybean. (E) Phylogenetic tree constructed using the neighbor-joining method for
the 338 germplasms.



Int. J. Mol. Sci. 2025, 26, 4446 7 of 22

Int. J. Mol. Sci. 2025, 26, x FOR PEER REVIEW 7 of 23 
 

 

Table 2. SNP loci significantly associated with lodging traits detected at different planting densities. 

Chr. Peak Loci PEAK Position −log 10 (p) PVE (%) MAF 
1 Chr01:39325847 39,325,847 5.31–6.03 6.03–6.91 0.022 
1 Chr01:44922215 44,922,215 5.76–5.21 5.90–6.60 0.034 
2 Chr02:2604732 2,604,732 5.53–5.54 6.31–6.32 0.019 
2 Chr02:15458372 15,458,372 6.48–6.81 6.66–7.47 0.028 
3 Chr03.:35831309 35,831,309 5.31–5.62 6.01–6.42 0.092 
3 Chr03:36451125 36,451,125 6.30–7.19 7.04–8.35 0.158 
4 Chr04:47442227 47,442,227 5.31–5.69 6.04–6.50 0.021 
7 Chr07:20616713 20,616,713 5.32–5.37 6.03–6.11 0.015 
8 Chr08:30754555 3,075,4555 5.99–6.51 6.86–7.57 0.024 
8 Chr08:32270717 3,2270,717 5.14–6.12 5.81–7.04 0.013 
9 Chr09:35877303 35,877,303 5.52–6.26 6.29–7.19 0.021 

10 Chr10:5376997 5,376,997 5.45–6.27 6.19–7.22 0.075 
11 Chr11:3581424 3,581,424 5.61–6.85 6.39–7.94 0.050 
14 Chr1.:326408 326,408 6.21–6.22 7.13–7.14 0.411 
14 Chr14:617529 617,529 5.21–5.55 5.90–6.33 0.450 
15 Chr15:49852803 49,852,803 5.59–5.75 6.38–6.61 0.058 
18 Chr18:15099487 15,099,487 5.46–5.60 5.73–6.22 0.040 
19 Chr19:44477717 44,477,717 5.84–7.09 6.69–8.20 0.432 
19 Chr19:46692661 46,692,661 7.85–9.45 9.16–10.99 0.327 
20 Chr20:7716540 7,716,540 5.28–6.45 5.98–7.44 0.120 

 

Figure 4. Genome-wide association analysis using Manhattan and QQ plots of 338 germplasms for 
lodging traits at different planting densities based on BLUP values at four locations. (A) Manhattan 
plot association results at 300,000 plants/ha. (B) Manhattan plot association results at 150,000 
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ple shaded region indicates a co-localized hotspot identified under both planting densities).(a) QQ 
plot at 300,000 plants/ha. (b) QQ at 150,000 plants/ha plot (The blue curve represents the observed 

Figure 4. Genome-wide association analysis using Manhattan and QQ plots of 338 germplasms for
lodging traits at different planting densities based on BLUP values at four locations. (A) Man-
hattan plot association results at 300,000 plants/ha. (B) Manhattan plot association results at
150,000 plants/ha (Red dots represent SNPs exceeding the genome-wide significance threshold,
and the purple shaded region indicates a co-localized hotspot identified under both planting densi-
ties). (a) QQ plot at 300,000 plants/ha. (b) QQ at 150,000 plants/ha plot (The blue curve represents
the observed –log10(p) distribution under the null hypothesis. The red curve indicates deviations
beyond the genome-wide significance threshold. The blue shaded area represents the 95% confidence
interval under the null hypothesis).

2.4. Screening and Identification of Candidate Genes

In order to identify candidate genes related to lodging resistance, candidate genes were
mined within a 100 kb interval both upstream and downstream of the significant SNP sites
found from the GWAS co-localization results under the conditions of 300,000 plants/ha and
150,000 plants/ha. Based on LD decay analysis, a total of 47 genes were detected within
the 100 kb regions flanking 13 SNPs, all of which contained non-synonymous mutations
in their coding regions (Table S2). Since non-synonymous mutations in the coding region
caused changes in amino acids substitutions or the premature termination of translation,
thereby altering plant phenotypes, these genes were defined as pre-candidate genes. A
functionally annotated gene was screened at 2,931,250 bp on chromosome 1, encoding a
cysteine-rich RLK (RECEPTOR-like protein kinase). At 5,536,931 bp on chromosome 3,
four functionally annotated genes were identified, encoding LRR and NB-ARC domains
that contain a disease-resistance protein, RNI-like superfamily protein, a homolog of
yeast autophagy 18 (ATG18) G, and protein kinase family protein, respectively. A total of
42 genes were identified from the genetic region surrounding Chr19:46692661. Previous
studies demonstrated that the regulation of soybean meristematic tissue, plant cell wall
synthesis, the regulation of sucrose, cellulose, lignin synthesis and metabolism, as well
as hormone signaling-related genes, modulated the lodging resistance of soybean [29,30].
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Therefore, functional annotation results of NCBI and SoyBase databases were used as
references, and the biological pathways of each gene were screened and predicted by
analyzing the homologous genes of Arabidopsis thaliana. Based on the above conditions,
a total of seven candidate genes were identified, all located on chromosome 19 (Table 3).
Among them, Glyma.19G200800 (NF-YA10) was annotated as an encoding enrichment of
nuclear factor Y subunit A10. Glyma.19G203400 (AMP1) was predicted to encode glutamate
carboxypeptidase, involved in abscisic acid, oxidation, and abiotic stress responses, and
carbon and amino acid metabolism. Glyma.19G212700 (GH9B13) was predicted to encode
a glycosyl hydrolase involved in the metabolism of carbohydrates, including cellulose
catabolism. Glyma.19G216600 (SWN) SET domain-containing protein, encoding a polycomb
group protein, was also identified. Glyma.19G215500 (BXL2) was predicted to encode a
protein similar to a beta-xylosidase located in the extracellular matrix. Glyma.19G221700
(WRKY35) was predicted to encode a WRKY family transcription factor that binds to DNA
with a specific nucleotide composition. Therefore, seven genes were identified putative
candidate genes.

Table 3. Predicted candidate genes on chromosome 19 and functional annotations.

SNP Location Chr. Location Gene ID Gene Annotation

Chr19.:44477717 Chr19 45,769,759 Glyma.19G200800 Nuclear factor Y, subunit A10
Chr19.:46692661 Chr19 45,999,764 Glyma.19G203400 Encodes glutamate carboxypeptidase
Chr19.:46692661 Chr19 46,629,986 Glyma.19G212700 Glycosyl hydrolase 9B13
Chr19.:46692661 Chr19 46,635,492 Glyma.19G212800 Sucrose synthase 3
Chr19.:46692661 Chr19 46,856,657 Glyma.19G215500 Beta-xylosidase 2
Chr19.:46692661 Chr19 46,960,586 Glyma.19G216600 SET domain-containing protein
Chr19.:46692661 Chr19 47,352,760 Glyma.19G221700 WRKY family transcription factor

2.5. Haplotype Analysis of Candidate Genes Glyma.19G212800 and Glyma.19G212700

Based on the previous literature and the soybean expression database, SNPs within
two of the seven major candidate genes, the Glyma.19G212800 gene encoding the sucrose
synthase activity (SUS) protein and the Glyma.19G212700 gene, involved in the polysac-
charide decomposition process, were simultaneously detected in the BLUP value GWAS
results under the planting densities of 300,000 and 150,000 plants/ha. This locus was
detected at high frequency across various environments, indicating stable inheritance and
significant contribution. Therefore, the genomic region near Chr19.:46692661 was extracted
for local Manhattan plot and LD Block analysis. The local haplotype blocks formed by
SNPs were abundant, highly interlinked to each other, and exhibited a high degree of
disequilibrium (Figure 5A–C). The haplotype analysis of e Glyma.19G212800 revealed the
presence of four major single-nucleotide variants with significant differences. Among
the six identified haplotypes, the statistical analysis of haplotype frequencies revealed
338 accessions and ultimately revealing three major haplotypes (Hap1, Hap2, and Hap3)
in Glyma.19G21280, collectively representing over 99% of the population. Hap1 was the
most prevalent, comprising 254 lines, followed by Hap2 (75 lines) and Hap3 (9 lines),
respectively. These three major haplotypes differed at four coding region SNPs: T/A varia-
tion at 46,635,492 bp, A/C variation at 46,636,035 bp, T/A variation at 46,637,592 bp, and
T/G variation at 46638081 bp (Figure 6A). Statistical tests revealed significant differences
in lodging score traits corresponding to three main haplotypes (Hap1, Hap2, and Hap3)
at different planting densities (p = 3.0 × 10−5, p = 0.01, p = 1.3 × 10−4, p = 6.4 × 10−5,
p = 0.043, p = 7.5 × 10−4), with Hap2 exhibiting the lowest average score. At a planting
density of 300,000 plants/ha, the lodging score of Hap1 increased by 0.24 compared with
that of Hap2, and at a planting density of 150,000 plants/ha, it was 0.28 higher (Figure 6B).
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Consequently, Hap2 emerged as a distinct haplotype under different planting densities.
Haplotype analysis of Glyma.19G212700 identified four haplotypes based on 14 coding
region SNPs, including seven non-synonymous mutations (Figure 7A). Hap1, Hap2, and
Hap3 were present in 254, 72, and 11 lines, respectively, accounting for over 99% of the
total accessions. An ANOVA test indicated that under planting densities of 300,000 and
150,000 plants/ha, the lodging score of varieties containing Hap3 was significantly higher
than that of varieties containing Hap2 and Hap1 (p = 3.7 × 10−5, p = 0.012, p = 6.3 × 10−4,
p = 5.6 ×10−5, p =4.6 × 10−3, p = 1.6 × 10−4), with the lowest lodging score observed in
Hap2. Therefore, Hap2 was inferred to be a favorable haplotype (Figure 7B). In recent
years, breeders have increasingly prioritized soybean varieties with resistance to lodging
and tolerance to high planting densities. Thus, Glyma.19G212800 and its Hap2 haplotype
were considered key contributors to soybean lodging resistance. Based on these findings,
Glyma.19G212700 and Glyma.19G212800 were identified as major candidate genes within
the QTL on chromosome 19 associated with lodging resistance in soybean.

Figure 5. Linkage disequilibrium map (LD) of SNP Chr19.:46692661 on chromosome 19 for soybean
lodging resistance.
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Figure 6. Box plots of the gene structure, haplotypes, and phenotypic variation of each haplotype
of Glyma.19G212800. (A) Gene structure of Glyma.19G212800; gray blocks represent UTR regions
and black blocks represent exons. The table shows the haplotypes of the gene. (B) Box plots of the
phenotypic variation of each haplotype. The figure shows the lodging phenotype under high-density
and low-density planting conditions. The p values of each of the three haplotypes calculated by using
ANOVA are marked in the figure. (SNPs shown in red font indicate non-synonymous mutations).
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2.6. Transcriptome Analysis and qRT-PCR Validation

To further validate the candidate genes, two soybean varieties exhibiting extreme
haplotypes were selected: the lodging-resistant variety Tie Dou 113 (TD113) and the
lodging-susceptible variety Dan Dou 12 (DD12). The activity of sucrose synthase (SUS) was
measured. As shown in Figure 8A, the SUS enzyme activity in the stem internodes of TD113
remained relatively stable under high-density planting (300,000 plants/ha) compared to the
low-density planting (150,000 plants/ha), whereas in DD12, the stem internodes increased
significantly. Following the increase in planting density, the SUS in the stem of DD12
showed a pronounced decrease and was significantly lower than that of TD113 under the
same conditions. These results suggested that TD113 maintained a relatively high level of
SUS in the stem under high-density planting conditions, facilitating sucrose accumulation.
Transcriptomic changes in stem tissue under high-density planting were assessed using
RNA sequencing. Firstly, principal component analysis (PCA) revealed the separation of the
PC1 and PC2 factors of samples from different varieties, accounting for 44.86% and 15.68%
of the total transcriptome variation, respectively (Figure 8B). Under high-density planting
conditions, 564 genes were significantly upregulated and 1027 genes were significantly
downregulated, while in DD12, 767 genes were significantly upregulated and 453 genes
were significantly downregulated, respectively. Compared with TD113, 3704 genes were
upregulated and 1961 downregulated in DD12 compared with TD113 under high-density
planting, while under normal planting density conditions, 1878 genes were upregulated
and 2128 genes were downregulated (Figure 8C–F). KEGG enrichment analysis indicated
that these differentially expressed genes (DEGs) were primarily involved in starch and
sucrose metabolism, plant–pathogen interaction, plant hormone signal transduction, and
phenylpropanoid biosynthesis (Figure 8G).
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(B) Principal component analysis of transcriptome changes in TD113 and DD12 under different
planting densities. (C) Differences in the number of upregulated and downregulated differentially
expressed genes (DEGs) among different groups. (D) Volcano plot of DEGs in TD113 and DD12
under high planting density. (E) Heatmap of DEGs in TD113 and DD12 under low planting density.
(F) Heatmap of DEGs in TD113 and DD12 under high planting density. (G) KEGG enrichment of
DEGs with q-value (ns, not significant; *, p < 0.05; ****, p < 0.00001).

To verify the accuracy of transcriptome sequencing, changes in the expression levels
of candidate genes under high planting density were analyzed in contrasting varieties
using qRT-PCR (Figure 9). In the lodging-resistant variety TD113, the expression levels of
Glyma.19G212800, Glyma.19G200800, Glyma.19G203400, and Glyma.19G221700 were signifi-
cantly upregulated, while those of Glyma.19G212700 and Glyma.19G215500 were relatively
low. The expression of Glyma.19G22160 was not detected (Figure 9A–F). Moreover, qRT-
PCR results were significantly positively correlated with RNA-seq (p = 0.006) (Figure 9G).
According to public tissue expression data, Glyma.19G212800 exhibited relatively high
specificity in expression during the reproductive growth stages of soybeans, particularly
in flowers, stems, and seeds. These findings suggested that Glyma.19G212800 played a
specific role in stem development and growth in soybeans (Figure 9H).
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Figure 9. (A–F) qRT-PCR validation of candidate genes. (G) Correlation analysis in transcript changes
of 6 DEGs in RNA-seq (x axis) and qRT-PCR experiment (y axis). Gene relative expression was
calculated by 2−∆∆Ct. (H) Heatmap of candidate gene expression levels in different soybean tissues.
Statistical analysis was performed using Student’s t-test (ns, not significant; *, p < 0.05; **, p < 0.01,
***, p < 0.0001).
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3. Discussion
3.1. Analysis of Genetic Variation for Lodging Score Traits

Lodging traits were affected by genetic background, environmental factors, and cul-
tivation conditions [31]. Improving the lodging resistance was considered an effective
approach to increase yield under the conditions of increased planting density. Since the
Green Revolution, breeding soybean varieties with stronger stems and shorter internodes
has become a direction for improving soybean lodging resistance [32]. Currently, the ap-
plication of GWAS has been validated as an effective method to identify traits associated
with lodging resistance in soybeans, with multiple studies successfully identifying several
QTLs [19,33,34]. The lodging score was used to evaluate the degree of stem inclination in
field-grown soybean plants, enabling comprehensive assessment based on actual growth
conditions. Lodging classification in soybean varieties, both domestically and interna-
tionally, was primarily based on direct field evaluation [35–40]. BLUP values of lodging
scores under two planting densities showed substantial variation and followed a normal
distribution, with the coefficient of variation ranging from 14.6% to 37.7%. In the soybean
recombinant inbred line population, the range of lodging phenotypic variation over three
consecutive years was 37–40% [41]. These findings indicated that lodging exhibited greater
potential for genetic improvement and was strongly influenced by environmental factors.
GWAS enabled the analysis of genotype and phenotype associations, facilitating the iden-
tification of key loci and favorable haplotypes associated with important traits [42]. In
this study, a total of 9,400,987 SNPs were detected for population structure analysis, and
338 soybean accessions were classified into three subpopulations, indicating considerable
genetic diversity within the population [43]. The evaluation of lodging in different en-
vironments was essential for studying genetic variation in lodging. In this study, based
on 338 germplasms as an associated population, we elucidated the detailed characteri-
zation of lodging-associated genes by using GWAS; GWAS was performed to identify
lodging-related genes by integrating phenotypic and SNP data from four environments in
2022–2023, in combination with haplotype and candidate gene analysis.

3.2. Comparative Analysis of Loci Associated with Lodging Resistance

QTLs that were consistently detected across multiple genetic backgrounds and envi-
ronments were considered to be plausible. Previous studies identified numerous markers
and genomic regions associated with lodging traits through QTL and GWAS analysis [22].
Many QTLs had broad confidence intervals, with only a few loci that were consistently
mapped across different environments. Additionally, many lodging-related QTLs in soy-
beans were detected within recombinant inbred line (RIL) populations, but were less
prevalent in natural populations [44]. In this study, 338 soybean accessions were analyzed
using the MLM model and Q + K matrix, and GWAS identified 20 SNPs significantly
associated with lodging scores. Compared with previous studies, we found that 11 out
of 20 SNPs identified by the genome-wide association study (GWAS) were located within
previously reported quantitative trait loci (QTL) regions. Among them, SNPs located
on chromosomes 2, 7, 8, 9, 10, 11, 15, 18, and 20 were newly identified loci associated
with lodging resistance [18–20,22,37–39,45] (Figure 4, Table 2). The SNP Chr01:39325847
located on chromosome 1 was located within the QTL interval reported by Kim et al. [46]
(Gm01:6926577–Gm01:49435179). The significant SNP Chr02:260473219 on chromosome 2
was located within the QTL interval reported by Orf et al. [42]. The SNPs Chr03:35831309
and Chr03:36451125 were located 132.7 and 194.6 kb from the previously reported QTL
Satt237 [43]. SNP Chr19:44477717 was included in a major QTL region previously reported
by Mansur and Lee et al. [44,45]. The SNP located at Chr19:46692661 overlapped with
the QTL mapped by Lee et al. (Gm19:45182458–Gm19:48028990). This SNP explained
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9.16–10.99% of the phenotypic variation, indicating a significant association between this
hotspot region and the lodging trait. Lodging is a complex trait regulated by multiple
genes. The lodging trait is significantly correlated with plant height, maturity, stem di-
ameter, and yield-related traits [46,47]. These findings demonstrated the genetic diversity
of the accessions and confirmed the reliability of the results. The results indicated the
diversity of the materials used and the reliability of the research. The identified genetic loci
had a high level of credibility, and these loci contained important genes that were stably
regulated in different environments to control soybean lodging and related traits. This
region represented a key target for future studies on lodging resistance and provided a
foundation for marker-assisted selection in soybean breeding.

3.3. Analysis of Candidate Genes for Lodging Resistance

Lodging was reported to be associated with plant hormone synthesis and transduc-
tion, cell wall composition, sucrose, lignin, and cellulose synthesis [48]. A total of 47 non-
synonymous SNPs were identified within the LD decay interval based on significant SNP
loci. Among them, seven candidate genes associated with lodging traits were identified at
the SNP-Chr19.:46692661 locus by integrating gene function annotation and homologous
gene function in Arabidopsis (Tables 3 and S2). By altering the structure of the cell wall in
wheat through hormones and ROS pathways, cell wall loosening occurs, restricting cell
elongation, and enhancing lodging resistance [49]. Glyma.19G203400 encodes glutamate
carboxypeptidase, an integral membrane protein that is associated with endoplasmic reticu-
lum where it co-localizes with AGO1. Various alleles exhibited increased cotyledon number
and leaf initiation rates, altered flowering time and photomorphogenesis and increasing
the level of cytokinin biosynthesis. It is also involved in ethylene-enhanced hypocotyl
elongation under light conditions [50]. In maize, ZmAMP1 regulated yield-related traits
by regulating GRMZM2G050137 or GRMZM2G117961. The varieties into which its allele
was introduced had short and strong stems, which improved the lodging resistance and
density tolerance of maize [13,51]. Glyma.19G200800 encodes nuclear factor Y, subunit
A10 (NF-YA10) CCAAT-binding transcription factors, which regulate transcription from
DNA templates. NF-YA10 was expressed in the SAM and leaf vascular system. YUC2, a
crucial gene regulating auxin homeostasis, was directly targeted by NF-YA2 and NF-YA10.
Increasing the expression of NF-YA2 and NF-YA10 suppressed YUC2 activity, thereby re-
ducing endogenous IAA levels. A reduction in IAA content led to the downregulation
of PIN and ARFs family expression. Transcriptional repressors ARF 1 and ARF 2 directly
bound to promoters containing auxin response elements (TGTCTC), inhibiting IAA signal-
ing and other transcriptional targets, and thus affecting soybean plant development and
lodging resistance [52–55]. The Glyma.19G215500 gene is a member of the GH3 family and
encoded the BXL protein. BXL is an enzyme that degraded cellobiose and oligosaccharides
into xylose monomers, serving as a rate-limiting enzyme in the degradation of cell wall
hemicellulose [56]. The AtBXL2 gene was highly expressed in the nodes and internodes of
Arabidopsis thaliana. In poplar, this gene affects the secondary cell walls and hemicellulose,
suggesting that it regulates hemicellulose metabolism and cell wall plasticity in soybean
stems, thereby affecting their lodging resistance [57]. The candidate gene Glyma.19G216600
(SWN), located on chromosome 19, encoded a polycomb group protein that synthesized
protein complexes such as VRN2(VERNALIZATION 2), VIN3 (VERNALIZATION INSEN-
SITIVE 3), and CLF (CURLY LEAF), and regulated secondary cell wall biosynthesis [58].
The rice homolog OsSWN1 (Oryza sativa Secondary Wall NAC 1) is a key regulatory factor
of secondary cell wall formation capable of inducing its development [59]. Cloned SWNs
genes in bamboo also function as strong regulators of secondary cell wall formation, driven
by activation from the C-terminal domain, and serve as genetic tools for secondary cell
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wall engineering [60]. Therefore, it was speculated that this gene improved soybean stem
strength and biomass, thereby improving soybean lodging resistance. Glyma.19G221700
encodes a WRKY family transcription factor that binds to DNA with sequence-specific
motifs. In Populus tomentosa, WRKY35 directly regulates the expression of monolignin
biosynthesis genes such as MgPAL1 and MgCOMT by binding to their promoters [61].
Therefore, it was inferred that this gene affects lignin monomer synthesis and impacts the
lodging resistance of soybean stems.

3.4. Haplotype Analysis, Transcriptome Profiling, and qRT-PCR Validation of Candidate Genes

Haplotypes refer to combinations of multiple markers on a single chromosome, cur-
rently widely used in crops such as rice, soybeans, maize, and others [62]. Previous studies
suggested that enhancing soybean lodging resistance was beneficial for establishing a
reasonable plant type, improving photosynthetic efficiency, and increasing yield by op-
timizing planting density. In this study, Glyma.19g212800 (SUS3) and Glyma.19g212700
(GH9B13) were identified as candidate genes by integrating evidence from expression
profile databases, literature review, and haplotype analysis. The protein encoded by
Glyma.19g212700 was a glycosyl hydrolase enzyme involved polysaccharide metabolism. It
was homologous to AtGH9B13 from the GH9B gene family, participating in the chemical
reactions and pathways of cellulose decomposition. The cellulase encoded by this gene
was mainly involved in the repair or arrangement of cellulose microfibrils during cellulose
biosynthesis in plants. Recent studies revealed that OsGHB 1, OsGHB 3, and OsGHB 16
could reduce the enzymatic activity related to cellulose crystallinity in rice. Although
limited studies were available on this gene, Glyma.19g212700 was hypothesized to regulate
enzymatic activity linked to cellulose crystallinity in plants, thereby influencing cellulose
synthesis in stems soybean stems [63]. The protein encoded by Glyma.19g212800 was
sucrose synthase (SUS), which participated in the sucrose synthesis metabolism process.
Sucrose synthase (SUS) catalyzed the reversible conversion of sucrose and UDP into UDPG
and fructose. Cellulose is the primary component of the cell wall, and cellulose synthase
(CESA) uses UDP-glucose (UDPG) as a substrate to catalyze cellulose biosynthesis. SUS
in the fiber of cotton provided a UDPG substrate to regulate cellulose biosynthesis [64].
However, currently, there were few reports on the regulation of plant lodging with this
gene. A mechanism model of the SUS3 gene had been proposed in rice, which decreased
cellulose crystallinity by positively regulating cellulose and hemicellulose biosynthesis.
This resulted in the thickening of the plant cell wall, significantly increasing the lodging
resistance of transgenic rice [65]. The variant Chr19_46635492 was located in the exonic
region of the candidate gene, leading to a non-synonymous mutation. Through haplotype
analysis, Hap2 was identified to confer beneficial lodging resistance, with a frequency
of 22.19% among 338 accessions. Therefore, Hap2 represented the main favorable hap-
lotype in Glyma.19g212800 (Figure 6). These findings indicated that multiple SNP sites
of candidate genes underwent non-synonymous mutations, and Hap2 was identified as
a favorable haplotype associated with lodging resistance. Among 338 germplasms, the
frequency of Hap2 occurrence was 21.30%, suggesting a positive selection of these breeding
choices in this study. The RNA-seq results identified 5565 differentially DEGs, which were
mainly enriched in the pathways of starch and sucrose metabolism, plant–pathogen inter-
action, plant hormone signal transduction, and phenyl propanoid biosynthesis pathways.
The Glyma.19g212800 gene was enriched in the starch sucrose metabolism pathway and
was significantly downregulated. This result was also verified by qRT-PCR. However,
Glyma.19g212700 was not significantly expressed. Therefore, Glyma.19g212800 may regulate
soybean lodging by affecting starch and sucrose metabolism in soybean stems. Therefore,
HAP2 represented a superior haplotype. Its SNP variant was considered a functional
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polymorphism and was used to develop molecular markers for assisting the selection
of soybean lodging resistance traits. The utilization of these superior haplotypes also
promoted the breeding of soybean varieties with enhanced lodging resistance.

Incorporating favorable alleles at lodging-resistance loci into soybean breeding pro-
grams was considered beneficial for achieving the ideal plant architecture for dense planting.
Whole-genome resequencing was performed on 338 soybean accessions to explore popula-
tion structure and genetic diversity. The lodging score was set at the densities of 300,000
and 150,000 plants/ha for the purpose of conducting a genome-wide association study
(GWAS). The GWAS results confirmed the co-localized intervals, followed by screening
using gene annotation and haplotype analysis. This study aims to provide new insights
into the genetic mechanisms underlying lodging resistance in soybeans. The findings
supported genetic improvement for enhanced lodging resistance and adaptation to high
planting density.

4. Materials and Methods
4.1. Plant Materials, Field Experiments and the Measurement of Trait

Soybean is a short-day crop and the photoperiod plays a critical role in its growth,
development, and reproductive phases. To minimize the adverse effects of germplasm
introduction, it is essential to avoid the effect of lodging caused by a south cultivar in-
troducing northward, or a north cultivar introducing southward. This study evaluated
338 soybean germplasms, including local lines developed over different decades in Liaon-
ing Province and introduced lines from Japan and the United States at similar latitudes,
forming the natural population used for analysis (Table S3). All plant materials were
planted at the Experimental Base of Shenyang Agricultural University in 2022 and 2023 at
three locations in Liaoning Province: Shenyang (2022SH and 2023SH, 41.82◦ N, 123.57◦ E),
Hunnan District (2023HN, 41.75◦ N, 123.69◦ E), and Pulandian District, Dalian (2023DL,
39.54◦ N, 122.20◦ E). The experiment was a completely randomized block design, with
5 rows per entry, a row length of 5 m, a row spacing of 0.6 m, and a plant spacing of 5 cm
and 11 cm for the respective planting densities of 300,000 and 150,000 plants/ha. Plant
thinning was performed 20 days after sowing to ensure proper density, with management
practices aligned with conventional field management.

The lodging score of each plot was measured before harvest at maturity (R8). The
specific criteria are as follows, with the traits measured using a 1 to 5 scale: 1 = Almost all
plants erect, 2 = All plants leaning slightly or a few plants down, 3 = All plants leaning
moderately (45 degrees), or 25–50% of plants down, 4 = All plants leaning considerably, or
50–80% of plants down, 5 = Prostrate, almost all plants down [18,19].

4.2. Genotyping and SNP Calling

Fresh leaf samples were collected from 338 soybean accessions cultivated at the V2
growth stage and subsequently placed in liquid nitrogen, with final storage at −80 ◦C. The
DNA extraction from the young leaf of soybean accession was performed using the CTAB
method. Library construction and sequencing used BGIT7 sequencing platforms (MGI Tech
Co., Ltd., Shenzhen, China). The library was constructed utilizing the MGIEasy Universal
DNA Library Prep Kit V1.0 (Product No. 100 000 5250, MGI) [66,67]. Following this, the
genomic DNA was fragmented, and the selected fragments underwent end repair and 3′-
end adenylation before the ligation of adapters. Subsequently, the circularization reaction
system and program were established, resulting in single-stranded cyclized products,
while uncyclized linear DNA molecules were digested. Rolling cycle amplification was
employed to replicate the single-stranded circular DNA molecules, leading to the formation
of DNA nanoballs (DNBs) that contained multiple copies of DNA. High-quality DNBs were
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then loaded onto patterned nanoarrays using the high-intensity DNA nanochip technique
and sequenced through combinatorial Probe-Anchor Synthesis (cPAS). Raw sequence
reads were filtered by discarding those with a N content > 10% or a base quality score
(Q score) < 10. The raw sequencing reads were aligned to the soybean reference genome
Wm82.a2.v1 (https://phytozome.jgi.doe.gov, accessed on 1 November 2024) using the
Burrows-Wheeler Aligner (BWA, v0.7.17), generating SAM files that were subsequently
converted into BAM format for downstream variant analysis. The aligned BAM files were
processed using BCF tools (v1.12) to sort the alignments, remove PCR duplicates, and
perform variant calling. Only biallelic sites with a missing rate ≤ 15% and a minor allele
frequency (MAF) > 0.05 were retained. Genotype imputation was then performed using
Beagle (v5.1). After quality filtering and genotype imputation, a total of 4,432,394 high-
quality SNPs were retained for downstream analysis.

4.3. Linkage Disequilibrium, Population Genetic Structure, and SNP Distribution

The first 20 principal components of the population were obtained using PLINK, and
their significance was tested using EIGENSOFT v8.0.0. We selected the top k principal
components with a significance level of p < 0.05 to serve as covariates for subsequent
analyses. For individual i, the SNP at position k is represented by [0, 1, 2]: a value of
0 indicates that individual i is homozygous for the reference allele; a value of 1 indicates
heterozygosity; and a value of 2 indicates that individual i is homozygous for the non-
reference allele. M is a matrix of standard genotypes with dimensions n × S, and Formula (1)
is as follows:

d1k
′
=

d − E(dk)√
E(dk)× (1 − E(dk)/2)/2

, (1)

E(dk) denotes the mean value of dk, and the individual sample covariance n × n matrix
is calculated via X = MMT/S. The average LD decay was plotted through the R language.
The LD decay rate of the population was measured as the chromosomal distance, where
the mean r2 decreased to half of its maximum value [68]. Phenotypic variation explained
(PVE) was calculated according to Formula (2):

SNP(PVE) =
[2 ∗ (beta2) ∗ (1 − MAF)]

[2 ∗ (beta2) ∗ MAF(1 − MAF) + (se(beta))2) ∗ 2 ∗ N ∗ MAF ∗ (1 − MAF)]
(2)

The symbols are defined as follows: beta: effect value in GWAS; MAF: minor allele
frequency of SNP; se(beta): standard error (se) of effect value in GWAS; N: number of
individuals involved in the analysis of this SNP in GWAS.

Population structure was inferred using the software ADMIXTURE v1.3.0. The dis-
tribution of genetic components was examined under different values of K (where K
represents the assumed number of ancestral populations). Finally, the optimal number of
ancestral groups was determined by identifying the K value at which the cross-validation
(CV) error reached its minimum.

4.4. Genome-Wide Association Study

Genome-wide association analyses were conducted using Efficient Mixed-Model Asso-
ciation Expedited (EMMAX) software(version emmax-intel64-20120205), which implements
the model MLM (mixed linear model) and adds kinship matrix (K) and PCA result correc-
tion to control for population structure and relatedness. This approach reduces spurious
associations and improves the detection of marker–trait associations. SNP markers were de-
termined to be significantly associated with the trait of lodging score when −log10 (p) = 5.
Results are presented in Manhattan and Q-Q plots.

https://phytozome.jgi.doe.gov
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4.5. Candidate Gene Identification and Haplotype Analysis

A significance threshold of −log10 (p) > 5 was used in the Manhattan plot to identify
associated loci. Based on the degree of LD attenuation in the soybean population, 50 kb
regions upstream and downstream of the significant locus, totaling 100 kb, were defined as
candidate regions. The functional annotation of genes within these regions was performed
using the Soybase (https://www.SoyBase.org/, accessed 1 November 2024) in conjunction
with the genome annotation file. SNPs located between the 5′UTR and 3′UTR of all genes
within the candidate interval were retrieved from the resequencing dataset. Haplotype
analysis was conducted using the R package “geneHapR” v1.2.4 [69], focusing on sequence
variations within the coding sequence (CDS) of the target gene. Then, an annotation of SNPs
located in the candidate region was conducted using ANNOVAR, Available online: https:
//annovar.openbioinformatics.org (accessed on 10 October 2024). This haplotype analysis
exclusively included SNPs that resulted in non-synonymous mutations, frameshifts, or stop
gains. In the absence of these SNP types, we selected SNPs for analysis that had a missing
data frequency of less than 20%. The SNPs with a missing rate of less than 20% in the
promoter regions of Glyma.19G212700 and Glyma.19G212800 were utilized for haplotype
analysis. The same VCF file used for GWAS was employed in this analysis.

4.6. RNA Sequencing and Quantitative Real-Time PCR Analysis

Based on the results of multiple years of field evaluations, lodging-resistant cultivar
Tiedou 113 and the lodging-susceptible cultivar Dandou 12 were selected, setting two plant-
ing densities of 300,000 and 150,000 plants/ha, respectively. Samples were taken at the full
pod stage (R4), with 1 cm sections from the middle of the 1–5 nodes of soybean stems mixed,
and 5 plant samples collected for each treatment to form biological samples. All samples
were rapidly frozen with liquid nitrogen and then stored at −80 ◦C for RNA extraction.
Transcriptome sequencing was entrusted to Qingdao Biomarker Bio Company. We used
Fold Change ≥ 2 and FDR < 0.01 as the screening criteria for differential genes (DEGs) and
performed data analysis using the bioinformatics analysis process provided by the BMK
Cloud platform (www.biocloud.net, accessed on 20 February 2024). Candidate genes were
analyzed by quantitative real-time PCR (qRT-PCR) based on RNAseq results. All primers
listed in Table S4 were designed using the Primer-BLAST tool from the National Center for
Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/tools/primer-blast/,
accessed on 10 January 2024). Actin was used as a reference gene. Relative expression
levels were calculated using the 2−∆∆Ct method. Each sample was analyzed with three
independent biological replicates.

4.7. Statistical Analysis

IBM SPSS Statistics26.0 software (SPSS, Inc., Chicago, IL, USA) was used to calculate
the mean, standard deviation (SD), and coefficient of variation (CV = standard devia-
tion/mean) of each agronomic trait. The BLUP value of each trait and heritability (H2)
were calculated using the lme4r R package v1.1-37. For multi-year multi-location data, the
phenotypic value was taken as the observed value, and the location, year, and sample were
taken as random factors. Local Manhattan plots and linkage disequilibrium (LD) heatmaps
for SNPs surrounding peak loci were generated using the R package LDBlockShow v1.40.
The gene expression patterns in soybean tissues were supported by publicly available data
from phytozome platform (https://phytozome-next.jgi.doe.gov, accessed on 5 November
2024). An analysis of variance (ANOVA) in IBM SPSS Statistics 27 was used to assess
significant differences in lodging resistance indices among different haplotypes and the
qRT-PCR results of distinct genes with visualizations created in GraphPad Prism (v10.0.1).

https://www.SoyBase.org/
https://annovar.openbioinformatics.org
https://annovar.openbioinformatics.org
www.biocloud.net
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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5. Conclusions
In this study, 9,400,987 high-quality SNP markers were used to conduct genome-wide

association analysis on 338 soybean germplasm resources using the MLM model, and
a total of 13 significantly associated stable SNP loci were screened under two planting
densities. Seven candidate genes related to lodging score were identified, among which the
Hap2 haplotype of the Glyma.19g212800 (SUS3) genes have important utilization value for
soybean lodging resistance breeding.

6. Patents
The research grants [2021YFD1201102] were from the National Key Research and

Development Plan of Ministry of Science and Technology.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms26094446/s1.

Author Contributions: Data curation, W.Z.; investigation, Z.L., N.Q., R.L., R.G. and J.H.; methodol-
ogy, Z.L.; resources, F.X.; software, Z.L.; supervision, H.Z., H.W. and X.A.; writing—original draft,
Z.L.; writing—review and editing, X.Y. and F.X. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by [2021YFD1201102] the National Key Research and Develop-
ment Plan of Ministry of Science and Technology.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data presented in this manuscript are included in the Supplemen-
tary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Bandillo, N.B.; Anderson, J.E.; Kantar, M.B.; Stupar, R.M.; Specht, J.E.; Graef, G.L.; Lorenz, A.J. Dissecting the Genetic Basis of

Local Adaptation in Soybean. Sci. Rep. 2017, 7, 17195. [CrossRef] [PubMed]
2. Wang, L.; Cheng, B.; Zhou, T.; Jing, S.; Liu, R.; Gao, Y.; Deng, C.; Ye, W.; Luo, Z.; Raza, A.; et al. Quantifying the effects of

plant density on soybean lodging resistance and growth dynamics in maize-soybean strip intercropping. Front. Plant Sci. 2023,
14, 1264378. [CrossRef]

3. Zhao, T.; Gai, J.; Li, H.; Xing, H.; Qiu, J. Advances in breeding for super high-yielding soybean cultivars. Sci. Agric. Sin. 2006,
39, 29–37.

4. Graham, P.H.; Vance, C.P. Legumes: Importance and constraints to greater use. Plant Physiol. 2003, 131, 872–877. [CrossRef]
[PubMed]

5. Tian, J.; Wang, C.; Xia, J.; Wu, L.; Xu, G.; Wu, W.; Li, D.; Qin, W.; Han, X.; Chen, Q.; et al. Teosinte ligule allele narrows plant
architecture and enhances high-density maize yields. Science 2019, 365, 658–664. [CrossRef]

6. Gao, J.; Yang, S.; Cheng, W.; Fu, Y.; Leng, J.; Yuan, X.; Jiang, N.; Ma, J.; Feng, X. GmILPA1, encoding an APC8-like protein, controls
leaf petiole angle in soybean. Plant Physiol. 2017, 174, 1167–1176. [PubMed]

7. Li, S.; Sun, Z.; Sang, Q.; Qin, C.; Kong, L.; Huang, X.; Liu, H.; Su, T.; Li, H.; He, M.; et al. Soybean reduced internode 1 determines
internode length and improves grain yield at dense planting. Nat. Commun. 2023, 14, 7939. [CrossRef]

8. Peng, J.; Richards, D.E.; Hartley, N.M.; Murphy, G.P.; Devos, K.M.; Flintham, J.E.; Beales, J.; Fish, L.J.; Worland, A.J.; Pelica, F.;
et al. ‘Green revolution’ genes encode mutant gibberellin response modulators. Nature 1999, 400, 256–261. [CrossRef]

9. Akhter, M.; Sneller, C.H. Yield and yield components of early maturing soybean genotypes in the mid-south. Crop Sci. 1996,
36, 877–882. [CrossRef]

10. Chen, L.; Nan, H.; Kong, L.; Yue, L.; Yang, H.; Zhao, Q.; Fang, C.; Li, H.; Cheng, Q.; Lu, S.; et al. Soybean AP1 homologs control
flowering time and plant height. J. Integr. Plant Biol. 2020, 62, 1868–1879. [CrossRef]

11. Dong, L.; Fang, C.; Cheng, Q.; Su, T.; Kou, K.; Kong, L.; Zhang, C.; Li, H.; Hou, Z.; Zhang, Y.; et al. Genetic basis and adaptation
trajectory of soybean from its temperate origin to tropics. Nat. Commun. 2021, 12, 5445. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms26094446/s1
https://www.mdpi.com/article/10.3390/ijms26094446/s1
https://doi.org/10.1038/s41598-017-17342-w
https://www.ncbi.nlm.nih.gov/pubmed/29222468
https://doi.org/10.3389/fpls.2023.1264378
https://doi.org/10.1104/pp.017004
https://www.ncbi.nlm.nih.gov/pubmed/12644639
https://doi.org/10.1126/science.aax5482
https://www.ncbi.nlm.nih.gov/pubmed/28336772
https://doi.org/10.1038/s41467-023-42991-z
https://doi.org/10.1038/22307
https://doi.org/10.2135/cropsci1996.0011183X0036000400010x
https://doi.org/10.1111/jipb.12988
https://doi.org/10.1038/s41467-021-25800-3
https://www.ncbi.nlm.nih.gov/pubmed/34521854


Int. J. Mol. Sci. 2025, 26, 4446 20 of 22

12. Xu, M.; Xu, Z.; Liu, B.; Kong, F.; Tsubokura, Y.; Watanabe, S.; Xia, Z.; Harada, K.; Kanazawa, A.; Yamada, T.; et al. Genetic
variation in four maturity genes affects photoperiod insensitivity and PHYA-regulated post-flowering responses of soybean.
BMC Plant Biol. 2013, 13, 91. [CrossRef] [PubMed]

13. Xu, S.; Tang, X.; Zhang, X.; Wang, H.; Ji, W.; Xu, C.; Yang, Z.; Li, P. Genome-wide association study identifies novel candidate loci
or genes affecting stalk strength in maize. Crop J. 2023, 11, 220–227. [CrossRef]

14. Kato, S.; Samanfar, B.; Morrison, M.J.; Bekele, W.A.; Torkamaneh, D.; Rajcan, I.; O’donoughue, L.; Belzile, F.; Cober, E.R.
Genome-wide association study to identify soybean stem pushing resistance and lodging resistance loci. Can. J. Plant Sci. 2021,
101, 663–670. [CrossRef]

15. Kim, S.-H.; Tayade, R.; Kang, B.-H.; Hahn, B.-S.; Ha, B.-K.; Kim, Y.-H. Genome-Wide Association Studies of Seven Root Traits in
Soybean (Glycine max L.) Landraces. Int. J. Mol. Sci. 2023, 24, 873. [CrossRef]

16. Ban, Y.-W.; Roy, N.S.; Yang, H.; Choi, H.-K.; Kim, J.-H.; Babu, P.; Ha, K.-S.; Ham, J.-K.; Park, K.C.; Choi, I.-Y. Comparative
transcriptome analysis reveals higher expression of stress and defense responsive genes in dwarf soybeans obtained from the
crossing of G. max and G. soja. Genes Genom. 2019, 41, 1315–1327. [CrossRef]

17. Konno, T.; Homma, K. Impact assessment of main stem elongation and wind speed on lodging of soybean cultivar ‘Miyagishirome’.
Plant Prod. Sci. 2024, 27, 185–196. [CrossRef]

18. Specht, J.; Chase, K.; Macrander, M.; Graef, G.; Chung, J.; Markwell, J.; Germann, M.; Orf, J.; Lark, K. Soybean Response to Water:
A QTL Analysis of Drought Tolerance. Crop Sci. 2001, 41, 493–509. [CrossRef]

19. Lee, S.; Jun, T.H.; Michel, A.P.; Mian, M.A.R. SNP markers linked to QTL conditioning plant height, lodging, and maturity in
soybean. Euphytica 2014, 203, 521–532. [CrossRef]

20. Bazakos, C.; Hanemian, M.; Trontin, C.; Jiménez-Gómez, J.M.; Loudet, O. New Strategies and Tools in Quantitative Genetics:
How to Go from the Phenotype to the Genotype. Annu. Rev. Plant Biol. 2017, 68, 435–455. [CrossRef]

21. Wu, J.; Yu, R.; Wang, H.; Zhou, C.; Huang, S.; Jiao, H.; Yu, S.; Nie, X.; Wang, Q.; Liu, S.; et al. A large-scale genomic association
analysis identifies the candidate causal genes conferring stripe rust resistance under multiple field environments. Plant Biotechnol.
J. 2021, 19, 177–191. [CrossRef] [PubMed]

22. Liu, Z.; Li, H.; Fan, X.; Huang, W.; Yang, J.; Zheng, Y.; Wen, Z.; Li, Y.; Wang, D.; Wang, S.; et al. Selection of soybean elite cultivars
based on phenotypic and genomic characters related to lodging tolerance. Plant Breed. 2017, 136, 526–538. [CrossRef]

23. Sun, D.; Chen, S.; Cui, Z.; Lin, J.; Liu, M.; Jin, Y.; Zhang, A.; Gao, Y.; Cao, H.; Ruan, Y. Genome-wide association study reveals the
genetic basis of brace root angle and diameter in maize. Front. Genet. 2022, 13, 963852. [CrossRef]

24. Wang, S.; Li, H.; Dong, Z.; Wang, C.; Wei, X.; Long, Y.; Wan, X. Genetic structure and molecular mechanism underlying the stalk
lodging traits in maize (Zea mays L.). Comput. Struct. Biotechnol. J. 2023, 21, 485–494. [CrossRef] [PubMed]

25. Wei, L.; Jian, H.; Lu, K.; Yin, N.; Wang, J.; Duan, X.; Li, W.; Liu, L.; Xu, X.; Wang, R.; et al. Genetic and transcriptomic analyses of
lignin- and lodging-related traits in Brassica napus. Theor. Appl. Genet. 2017, 130, 1961–1973. [CrossRef]

26. Rashid, M.A.R.; Zhao, Y.; Azeem, F.; Zhao, Y.; Ahmed, H.G.M.-D.; Atif, R.M.; Pan, Y.; Zhu, X.; Liang, Y.; Zhang, H.; et al. Unveiling
the genetic architecture for lodging resistance in rice (Oryza sativa L.) by genome-wide association analyses. Front. Genet. 2022,
13, 960007. [CrossRef] [PubMed]

27. Li, J.; Zhao, P.; Zhao, L.; Chen, Q.; Nong, S.; Li, Q.; Wang, L. Integrated VIS/NIR Spectrum and Genome-Wide Association Study
for Genetic Dissection of Cellulose Crystallinity in Wheat Stems. Int. J. Mol. Sci. 2024, 25, 3028. [CrossRef]

28. Singh, D.; Wang, X.; Kumar, U.; Gao, L.; Noor, M.; Imtiaz, M.; Singh, R.P.; Poland, J. High-Throughput Phenotyping Enabled
Genetic Dissection of Crop Lodging in Wheat. Front. Plant Sci. 2019, 10, 394. [CrossRef]

29. Cheng, B.; Raza, A.; Wang, L.; Xu, M.; Lu, J.; Gao, Y.; Qin, S.; Zhang, Y.; Ahmad, I.; Zhou, T.; et al. Effects of Multiple Planting
Densities on Lignin Metabolism and Lodging Resistance of the Strip Intercropped Soybean Stem. Agronomy 2020, 10, 1177.
[CrossRef]

30. Shan, F.; Sun, K.; Gong, S.; Wang, C.; Ma, C.; Zhang, R.; Yan, C. Effects of Shading on the Internode Critical for Soybean (Glycine
max) Lodging. Agronomy 2022, 12, 492. [CrossRef]

31. Saitoh, K.; Nishimura, K.; Kitahara, T. Effect of Lodging on Seed Yield of Field-Grown Soybean—Artificial Lodging and Lodging
Preventing Treatments. Jpn. J. Crop Sci. 2012, 81, 27–32. [CrossRef]

32. Liu, S.; Zhang, M.; Feng, F.; Tian, Z. Toward a “green revolution” for soybean. Mol. Plant 2020, 13, 688–697. [CrossRef] [PubMed]
33. Vuong, T.D.; Sonah, H.; Meinhardt, C.G.; Deshmukh, R.; Kadam, S.; Nelson, R.L.; Shannon, J.G.; Nguyen, H.T. Genetic architecture

of cyst nematode resistance revealed by genome-wide association study in soybean. BMC Genom. 2015, 16, 593. [CrossRef]
34. Fang, C.; Ma, Y.; Wu, S.; Liu, Z.; Wang, Z.; Yang, R.; Hu, G.; Zhou, Z.; Yu, H.; Zhang, M.; et al. Genome-wide association studies

dissect the genetic networks underlying agronomical traits in soybean. Genome Biol. 2017, 18, 161. [CrossRef] [PubMed]
35. Lee, S.H.; Bailey, M.A.; Mian, M.A.R.; Carter, T.E., Jr.; Ashley, D.A.; Hussey, R.S.; Parrott, W.A.; Boerma, H.R. Molecular markers

associated with soybean plant height, lodging, and maturity across locations. Crop Sci. 1996, 36, 728–735. [CrossRef]
36. Mansur, L.M.; Lark, K.G.; Kross, H.; Oliveira, A. Interval mapping of quantitative trait loci for reproductive, morphological, and

seed traits of soybean (Glycine max L.). Theor. Appl. Genet. 1993, 86, 907–913. [CrossRef] [PubMed]

https://doi.org/10.1186/1471-2229-13-91
https://www.ncbi.nlm.nih.gov/pubmed/23799885
https://doi.org/10.1016/j.cj.2022.04.016
https://doi.org/10.1139/cjps-2020-0187
https://doi.org/10.3390/ijms24010873
https://doi.org/10.1007/s13258-019-00846-2
https://doi.org/10.1080/1343943X.2024.2365466
https://doi.org/10.2135/cropsci2001.412493x
https://doi.org/10.1007/s10681-014-1252-8
https://doi.org/10.1146/annurev-arplant-042916-040820
https://doi.org/10.1111/pbi.13452
https://www.ncbi.nlm.nih.gov/pubmed/32677132
https://doi.org/10.1111/pbr.12495
https://doi.org/10.3389/fgene.2022.963852
https://doi.org/10.1016/j.csbj.2022.12.037
https://www.ncbi.nlm.nih.gov/pubmed/36618981
https://doi.org/10.1007/s00122-017-2937-x
https://doi.org/10.3389/fgene.2022.960007
https://www.ncbi.nlm.nih.gov/pubmed/36147492
https://doi.org/10.3390/ijms25053028
https://doi.org/10.3389/fpls.2019.00394
https://doi.org/10.3390/agronomy10081177
https://doi.org/10.3390/agronomy12020492
https://doi.org/10.1626/jcs.81.27
https://doi.org/10.1016/j.molp.2020.03.002
https://www.ncbi.nlm.nih.gov/pubmed/32171732
https://doi.org/10.1186/s12864-015-1811-y
https://doi.org/10.1186/s13059-017-1289-9
https://www.ncbi.nlm.nih.gov/pubmed/28838319
https://doi.org/10.2135/cropsci1996.0011183X003600030035x
https://doi.org/10.1007/BF00211040
https://www.ncbi.nlm.nih.gov/pubmed/24193996


Int. J. Mol. Sci. 2025, 26, 4446 21 of 22

37. Kim, K.-S.; Diers, B.W.; Hyten, D.L.; Mian, M.A.R.; Shannon, J.G.; Nelson, R.L. Identification of positive yield QTL alleles from
exotic soybean germplasm in two backcross populations. Theor. Appl. Genet. 2012, 125, 1353–1369. [CrossRef]

38. Orf, J.H.; Chase, K.; Jarvik, T.; Mansur, L.M.; Cregan, P.B.; Adler, F.R.; Lark, K.G. Genetics of Soybean Agronomic Traits: I.
Comparison of Three Related Recombinant Inbred Populations. Crop Sci. 1999, 39, 1642–1651. [CrossRef]

39. Li, D.; Pfeiffer, T.W.; Cornelius, P.L. Soybean QTL for Yield and Yield Components Associated with Glycine soja Alleles. Crop Sci.
2008, 48, 571–581. [CrossRef]

40. Mansur, L.M.; Orf, J.H.; Chase, K.; Jarvik, T.; Cregan, P.B.; Lark, K.G. Genetic Mapping of Agronomic Traits Using Recombinant
Inbred Lines of Soybean. Crop Sci. 1996, 36, 1327–1336. [CrossRef]

41. He, W.; Chai, Q.; Zhao, C.; Yu, A.; Fan, Z.; Yin, W.; Hu, F.; Fan, H.; Sun, Y.; Wang, F. Blue light regulated lignin and cellulose
content of soybean petioles and stems under low light intensity. Funct. Plant Biol. 2024, 51, FP23091. [CrossRef] [PubMed]

42. Lee, S.H.; Bailey, M.A.; Mian, M.A.R.; Shipe, E.R.; Ashley, D.A.; Parrott, W.A.; Hussey, R.S.; Boerma, H.R. Identification of
quan-titative trait loci for plant height, lodging, and maturity in a soybean population segregating for growth habit. Theor. Appl.
Genet. 1996, 92, 516–523. [CrossRef] [PubMed]

43. Sun, M.; Zhao, K.; Wang, J.; Mu, W.; Zhan, Y.; Li, W.; Teng, W.; Zhao, X.; Han, Y. Identification of quantitative trait loci underlying
lodging of soybean across multiple environments. Crop. Pasture Sci. 2022, 73, 652–662. [CrossRef]

44. Yano, K.; Yamamoto, E.; Aya, K.; Takeuchi, H.; Lo, P.-C.; Hu, L.; Yamasaki, M.; Yoshida, S.; Kitano, H.; Hirano, K.; et al. Genome-
wide association study using whole-genome sequencing rapidly identifies new genes influencing agronomic traits in rice. Nat.
Genet. 2016, 48, 927–934. [CrossRef]

45. Jiao, X.; Lyu, Y.; Wu, X.; Li, H.; Cheng, L.; Zhang, C.; Yuan, L.; Jiang, R.; Jiang, B.; Rengel, Z.; et al. Grain production versus
resource and environmental costs: Towards increasing sustainability of nutrient use in China. J. Exp. Bot. 2016, 67, 4935–4949.
[CrossRef]

46. Panthee, D.R.; Pantalone, V.R.; Saxton, A.M.; West, D.R.; Sams, C.E. Quantitative trait loci for agronomic traits in soybean. Plant
Breed. 2007, 126, 51–57. [CrossRef]

47. Fang, T.; Bai, Y.; Huang, W.; Wu, Y.; Yuan, Z.; Luan, X.; Liu, X.; Sun, L. Identification of Potential Gene Regulatory Pathways
Affecting the Ratio of Four-Seed Pod in Soybean. Front. Genet. 2021, 12, 717770. [CrossRef]

48. Wang, Y.; Wang, M.; Chen, K.; Tian, F.; Yang, X.; Cao, L.; Ruan, N.; Dang, Z.; Yin, X.; Huang, Y.; et al. The DEP1 Mutation Improves
Stem Lodging Resistance and Biomass Saccharification by Affecting Cell Wall Biosynthesis in Rice. Rice 2024, 17, 35. [CrossRef]

49. Chai, S.; Yao, Q.; Zhang, X.; Xiao, X.; Fan, X.; Zeng, J.; Sha, L.; Kang, H.; Zhang, H.; Li, J.; et al. The semi-dwarfing gene Rht-dp
from dwarf polish wheat (Triticum polonicum L.) is the "Green Revolution” gene Rht-B1b. BMC Genom. 2021, 22, 63. [CrossRef]

50. Helliwell, C.A.; Chin-Atkins, A.N.; Wilson, I.W.; Chapple, R.; Dennis, E.S.; Chaudhury, A. The Arabidopsis AMP1 Gene Encodes
a Putative Glutamate Carboxypeptidase. Plant Cell 2001, 13, 2115–2125. [CrossRef]

51. Wang, P.; Yang, Y.; Li, D.; Xu, J.; Gu, R.; Zheng, J.; Fu, J.; Wang, J.; Zhang, H. Cloning of a new allele of ZmAMP1 and evaluation
of its breeding value in hybrid maize. Crop J. 2023, 11, 157–165. [CrossRef]

52. Zemzoumi, K.; Frontini, M.; Bellorini, M.; Mantovani, R. NF-Y histone fold α1 helices help impart CCAAT specificity. J. Mol. Biol.
1999, 286, 327–337. [CrossRef]

53. Wang, W.; Xu, B.; Wang, H.; Li, J.; Huang, H.; Xu, L. YUCCA Genes Are Expressed in Response to Leaf Adaxial-Abaxial
Juxtaposition and Are Required for Leaf Margin Development. Plant Physiol. 2011, 157, 1805–1819. [CrossRef]

54. Zhang, M.; Hu, X.; Zhu, M.; Xu, M.; Wang, L. Transcription factors NF-YA2 and NF-YA10 regulate leaf growth via auxin signaling
in Arabidopsis. Sci. Rep. 2017, 7, 1395. [CrossRef]

55. Nowak, K.; Wójcik, A.M.; Konopka, K.; Jarosz, A.; Dombert, K.; Gaj, M.D. miR156-SPL and miR169-NF-YA Modules Regulate
the Induction of Somatic Embryogenesis in Arabidopsis via LEC- and Auxin-Related Pathways. Int. J. Mol. Sci. 2024, 25, 9217.
[CrossRef] [PubMed]

56. Knob, A.; Terrasan, C.R.F.; Carmona, E.C. β-Xylosidases from filamentous fungi: An overview. World J. Microbiol. Biotechnol. 2010,
26, 389–407. [CrossRef]

57. Chen, J.; Qu, C.; Chang, R.; Suo, J.; Yu, J.; Sun, X.; Liu, G.; Xu, Z. Genome-wide identification of BXL genes in Populus trichocarpa
and their expression under different nitrogen treatments. 3 Biotech 2020, 10, 57. [CrossRef]

58. Zhou, J.; Zhong, R.; Ye, Z.-H. Arabidopsis NAC Domain Proteins, VND1 to VND5, Are Transcriptional Regulators of Secondary
Wall Biosynthesis in Vessels. PLoS ONE 2014, 9, e105726. [CrossRef]

59. Sakamoto, S.; Takata, N.; Oshima, Y.; Yoshida, K.; Taniguchi, T.; Mitsuda, N. Wood reinforcement of poplar by rice NAC
transcription factor. Sci. Rep. 2016, 6, 19925. [CrossRef]

60. Sakamoto, S.; Nomura, T.; Kato, Y.; Ogita, S.; Mitsuda, N. High-transcriptional activation ability of bamboo SECONDARY WALL
NAC transcription factors is derived from C-terminal domain. Plant Biotechnol. 2022, 39, 229–240. [CrossRef]

61. Zeng, X.; Sheng, J.; Zhu, F.; Wei, T.; Zhao, L.; Hu, X.; Zheng, X.; Zhou, F.; Hu, Z.; Diao, Y.; et al. Genetic, transcriptional, and
regulatory landscape of monolignol biosynthesis pathway in Miscanthus × giganteus. Biotechnol. Biofuels 2020, 13, 179. [CrossRef]
[PubMed]

https://doi.org/10.1007/s00122-012-1944-1
https://doi.org/10.2135/cropsci1999.3961642x
https://doi.org/10.2135/cropsci2007.06.0361
https://doi.org/10.2135/cropsci1996.0011183X003600050042x
https://doi.org/10.1071/FP23091
https://www.ncbi.nlm.nih.gov/pubmed/38669458
https://doi.org/10.1007/BF00224553
https://www.ncbi.nlm.nih.gov/pubmed/24166318
https://doi.org/10.1071/CP21468
https://doi.org/10.1038/ng.3596
https://doi.org/10.1093/jxb/erw282
https://doi.org/10.1111/j.1439-0523.2006.01305.x
https://doi.org/10.3389/fgene.2021.717770
https://doi.org/10.1186/s12284-024-00712-0
https://doi.org/10.1186/s12864-021-07367-x
https://doi.org/10.1105/TPC.010146
https://doi.org/10.1016/j.cj.2022.06.001
https://doi.org/10.1006/jmbi.1998.2496
https://doi.org/10.1104/pp.111.186395
https://doi.org/10.1038/s41598-017-01475-z
https://doi.org/10.3390/ijms25179217
https://www.ncbi.nlm.nih.gov/pubmed/39273166
https://doi.org/10.1007/s11274-009-0190-4
https://doi.org/10.1007/s13205-020-2061-5
https://doi.org/10.1371/journal.pone.0105726
https://doi.org/10.1038/srep19925
https://doi.org/10.5511/plantbiotechnology.22.0501a
https://doi.org/10.1186/s13068-020-01819-4
https://www.ncbi.nlm.nih.gov/pubmed/33117433


Int. J. Mol. Sci. 2025, 26, 4446 22 of 22

62. Sinha, P.; Singh, V.K.; Saxena, R.K.; Khan, A.W.; Abbai, R.; Chitikineni, A.; Desai, A.; Molla, J.; Upadhyaya, H.D.; Kumar, A.; et al.
Superior haplotypes for haplotype-based breeding for drought tolerance in pigeonpea (Cajanus cajan L.). Plant Biotechnol. J. 2020,
18, 2482–2490. [CrossRef]

63. Hayashi, T.; Yoshida, K.; Woopark, Y.; Konishi, T.; Baba, K. Cellulose Metabolism in Plants. Int. Rev. Cytol. 2005, 247, 1–34.
[CrossRef] [PubMed]

64. Jiang, Y.; Guo, W.; Zhu, H.; Ruan, Y.; Zhang, T. Overexpression of GhSusA1 increases plant biomass and improves cotton fiber
yield and quality. Plant Biotechnol. J. 2012, 10, 301–312. [CrossRef]

65. Fan, C.; Feng, S.; Huang, J.; Wang, Y.; Wu, L.; Li, X.; Wang, L.; Tu, Y.; Xia, T.; Li, J.; et al. AtCesA8-driven OsSUS3 expression
leads to largely enhanced biomass saccharification and lodging resistance by distinctively altering lignocellulose features in rice.
Biotechnol. Biofuels 2017, 10, 221. [CrossRef]

66. Liu, Y.; Du, H.; Li, P.; Shen, Y.; Peng, H.; Liu, S.; Zhou, G.-A.; Zhang, H.; Liu, Z.; Shi, M.; et al. Pan-Genome of Wild and Cultivated
Soybeans. Cell 2020, 182, 162–176. [CrossRef] [PubMed]

67. Zhou, Y.; Liu, C.; Zhou, R.; Lu, A.; Huang, B.; Liu, L.; Chen, L.; Luo, B.; Huang, J.; Tian, Z. SEQdata-BEACON: A comprehensive
database of sequencing performance and statistical tools for performance evaluation and yield simulation in BGISEQ-500. BioData
Min. 2019, 12, 21. [CrossRef] [PubMed]

68. Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows—Wheeler transform. Bioinformatics 2009, 25, 1754–1760.
[CrossRef]

69. Zhang, R.; Jia, G.; Diao, X. geneHapR: An R package for gene haplotypic statistics and visualization. BMC Bioinform. 2023, 24, 199.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/pbi.13422
https://doi.org/10.1016/S0074-7696(05)47001-1
https://www.ncbi.nlm.nih.gov/pubmed/16344110
https://doi.org/10.1111/j.1467-7652.2011.00662.x
https://doi.org/10.1186/s13068-017-0911-0
https://doi.org/10.1016/j.cell.2020.05.023
https://www.ncbi.nlm.nih.gov/pubmed/32553274
https://doi.org/10.1186/s13040-019-0209-9
https://www.ncbi.nlm.nih.gov/pubmed/31807141
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1186/s12859-023-05318-9

	Introduction 
	Results 
	Phenotype Variations of Lodging Traits in Soybean 
	Linkage Disequilibrium, Population Genetic Structure, and SNP Distribution 
	Genome-Wide Association Analysis 
	Screening and Identification of Candidate Genes 
	Haplotype Analysis of Candidate Genes Glyma.19G212800 and Glyma.19G212700 
	Transcriptome Analysis and qRT-PCR Validation 

	Discussion 
	Analysis of Genetic Variation for Lodging Score Traits 
	Comparative Analysis of Loci Associated with Lodging Resistance 
	Analysis of Candidate Genes for Lodging Resistance 
	Haplotype Analysis, Transcriptome Profiling, and qRT-PCR Validation of Candidate Genes 

	Materials and Methods 
	Plant Materials, Field Experiments and the Measurement of Trait 
	Genotyping and SNP Calling 
	Linkage Disequilibrium, Population Genetic Structure, and SNP Distribution 
	Genome-Wide Association Study 
	Candidate Gene Identification and Haplotype Analysis 
	RNA Sequencing and Quantitative Real-Time PCR Analysis 
	Statistical Analysis 

	Conclusions 
	Patents 
	References

