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Abstract: Plant architecture traits are closely related to plant biomass, lodging, and photosynthetic
efficiency, which in turn affect soybean yield. In this study, we investigated a Chinese soybean
mini core collection consisting of 224 germplasm accessions for four plant architecture-related traits
(plant height (PH), number of nodes on main stem (NN), branch number (BN), and stem diameter
(DI)) under three environments and conducted a genome-wide association study (GWAS) based on
1514 single nucleotide polymorphisms (SNPs). A total of 41 SNPs were found to be significantly
associated with PH, NN, BN, and DI in two or more environments. Among these SNPs, 15 were
located in regions in which plant architecture-related QTLs had been reported in previous studies, and
26 were new genetic loci. In addition, 18 potential candidate genes for plant architecture-related traits
were obtained by predicting the genes in the interval of four large-effect markers (BARC-017097-02199,
Map-2213, BARC-014639-01604, and Map-2223). This research will help to illuminate the genetic basis
of soybean plant architecture-related traits and accelerate the process of plant architecture breeding
by molecular marker-assisted selection in soybean.

Keywords: soybean (Glycine max (L.) Merr.); plant architecture-related traits; genome-wide
association study (GWAS); candidate genes

1. Introduction

Soybean (Glycine max (L.) Merr.) is one of the most important oil seed crops in the
world, providing high-quality vegetable oil and protein for human beings and playing
a vital role in solving the problem of insufficient protein supply [1,2]. It is therefore
particularly important to improve soybean yield. Ideotype breeding of soybean can increase
yield by reducing the strong intragroup competition between soybean reproductive and
vegetative growth and fleshy pods [3,4]. This could improve the adaptability of crops to
the environment by preventing lodging, optimizing canopy architecture, determining light
distribution, and enhancing photosynthesis [5,6]. The plant height (PH), number of nodes
on main stem (NN), branch number (BN), and stem diameter (DI) are important plant
architecture-related traits of soybean that are highly important for improving biological
yield [7]. Therefore, ideotype breeding is an effective way to achieve a breakthrough in
soybean yield.

Plant architecture-related traits are complex quantitative traits affected by multiple
quantitative trait loci (QTLs) and environmental factors, and combining dense molecular
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markers and genomic information is an effective method for genetic research [8–10]. Al-
though some progress in traditional QTL linkage mapping has been made in soybean plant
architecture, there are certain limitations in biparental segregation populations, includ-
ing the limited allelic variation in each cross, time consumption for mapping population
construction, and limited mapping resolution resulting in large confidence intervals for
the detected loci [11,12]. In addition, well-established genome sequences will increase the
understanding of the genetic basis of these traits, thereby promoting the development of
soybean marker-assisted breeding [13].

Genome-wide association analysis (GWAS) overcomes the limitations of traditional
biparental QTL mapping to enable more accurate and effective QTL mapping. Based on
the linkage disequilibrium relationship between the loci within the population and the
identification of the association between genetic markers and the target trait phenotype [14],
its wide application has benefited from the development of next-generation sequencing
(NGS) and high-density molecular markers.

In recent years, GWAS has been applied to the analysis of complex quantitative
traits of model organisms and crops [15–18]. Currently, GWAS has been successfully
applied to research on plant architecture-related traits in soybean, and a large number
of high-precision loci have been identified. For example, 27 loci associated with plant
height have been identified from 309 early maturing soybean germplasms, and a major
effect locus on Gm 19, PH24, explained 10% of phenotypic variation [19]. Fang et al.
(2017) used 809 soybean accessions to perform GWAS on 84 agronomic traits and identified
245 important loci, of which 95 genetically interacted with other loci, revealing the genetic
network of associated loci among different soybean traits [18]. At different developmental
stages of the soybean, 34 and 30 quantitative trait nucleotides (QTNs) were found to be
associated with PH and NN, respectively, using the mrMLM model [20]. Five QTNs have
been shown to be related to BN, and the TCP transcription factor GmBRC1 in the LD block
of qtnBR6-1 may regulate the branches’ development [21]. Chen et al. (2020) detected
114 SNPs associated with NN on chromosomes 1, 3, 6, and 14 as well as 39 SNPs related to
DI on chromosomes 4, 9, and 19 under well-watered and drought conditions [22]. Based on
a restricted two-stage multilocus genome-wide association study (RTM-GWAS), 76 QTLs
and 183 alleles of NN were found in 306 soybean materials [23]. Using RILs consisting of
427 lines, 89 NN QTLs were detected with a phenotypic contribution of 84.50%, of which
58 were new QTLs [24]. In total, 12, 12, 4, and 4 SNPs associated with PH, NN, BN, and DI,
respectively, were repeatedly detected in at least two environments through 133 soybean
landraces, among which seven SNPs had particularly strong effects [7]. Although a large
number of soybean plant architecture-related loci have been identified, the genetic basis
of plant architecture regulation has not been fully elucidated due to the complexity of its
genetic mechanism. Therefore, there may be new loci and genes for plant architecture-
related traits that have not been discovered in soybean. Ideotype is an important way to
improve soybean yield. Therefore, elucidating the genetic mechanism of soybean plant
architecture-related traits can lay the foundation for molecular design breeding of soybean
ideotype and genetic improvement of varieties.

In this study, we used a Chinese soybean mini core collection of 224 germplasm
accessions, which has been used in the study of soybean phytophthora root and stem rot
(PRR) [25], seed hardness [26], and yield-related traits at the R6 stage of soybean [27]. This
study is a supplement to the research on plant architecture-related traits in these collections
and enriches the research scope of this population. Combined with 1514 high-quality SNPs,
GWAS was carried out for four plant architecture-related traits (PH, NN, BN, and DI) under
three environments for two consecutive years. This study aims to exploit more new loci
and genes to expand the regulatory loci of architecture-related traits in soybean, and this
will be used to reveal the genetic mechanism of soybean plant architecture-related traits
more comprehensively.
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2. Materials and Methods
2.1. Plant Materials

The plant materials in this study were 224 soybean mini core accessions selected from
23,587 soybean germplasm resources in the Chinese National Soybean GeneBank (CNSGB),
which has abundant genetic diversity [25]. According to the geographical source of the
materials, the 224 soybean mini core collections originated from four soybean ecological
regions in China: the northeast soybean ecological region, the northern soybean ecological
region, the Huanghuaihai region, and the southern soybean ecoregion. These were the
origin of 39, 37, 48, and 100 materials, respectively. This set of materials was widely
distributed in many provinces and autonomous regions in China.

2.2. Field Trials and Trait Measurement

The field trials were conducted at the Jiangpu Experimental Station of Nanjing Agri-
cultural University (32◦12′ N, 118◦37′ E) in 2016 and 2017 and at the Anhui Dangtu Exper-
imental Station (31◦55′ N, 118◦49′ E) in 2017. The three environments were identified as
2016JP, 2017JP, and 2017DT. The field trial was designed in a completely randomized block
design with three blocks in each environment. Each material was planted in a row with
a length of 4 m and a row spacing of 0.5 m. The seedlings were planted as 40 plants per
row, with a plant spacing of 10 cm. A mixture of 2.25 L of 48% Trifluralin EC and 525 kg
water was applied per hectare, sprayed evenly on the soil surface, and mixed in the soil
for 1–3 cm to suppress weed growth after land consolidation. Before sowing, the special
compound fertilizer was applied for soybean (the rate of N-P2O5-K2O was 13:25:12), the
application rate was 375 kg/hm2, and no more topdressing was performed. There were few
pests in the three environments, therefore, we added 150 mL of 20% Chlorantraniliprole
SC into 450 kg water per hectare according to the pest situation in the field and sprayed
only once at the pod stage. Other field management measures were consistently performed
during soybean growth to minimize test error.

Five plants were randomly selected from each block under the three environments
2016JP, 2017JP, and 2017DT to examine plant height, number of nodes on main stem, branch
number, and stem diameter at the maturity period. For soybean plant architecture, plant
height is the length from the cotyledon node to the top of the main stem (PH, measured in
cm); the nodes of the main stem indicate the number of nodes from the cotyledonary node
to the top of the main stem (NN); the branch numbers indicate the effective branches of the
main stem (BN) [28]; and stem diameter is measured at the third internode diameter on the
main stem from the cotyledon node with a micrometer (DI, measured in mm) [10].

2.3. Phenotypic Data Analysis

IBM SPSS Statistics v20.0 was used to perform descriptive statistical analysis on the
four plant architecture-related traits, and the GLM process in SAS 9.4 [29] was used to
perform joint variance analysis on the phenotype data under three environment conditions.
Based on the average of the four plant architecture-related traits under the three environ-
ments, the CORR process was used to calculate the Pearson correlation coefficient between
plant architecture-related traits. The PROC VARCOMP method was used to calculate the
variance components of the four plant architecture-related traits in genotype, environment,
and genotype–environment interaction, and the estimated heritability calculation formula
was as follows [30]:

h2 =
σ2

g(
σ2

g +
σ2

ge
n + σ2

e
rn

)
where σ2

g represents the genotype variance, σ2
e represents the error, σ2

ge represents the
genotype and environment interaction variance, r represents the number of repeats, and n
represents the number of environments.
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2.4. Genotyping and Linkage Disequilibrium (LD) Analysis

The SNP markers used in this study included 554 SNPs related to genetic diversity
in wild and cultivated soybeans and 1536 SNPs for fatty acid composition in soybean
grains [31,32]. Through the integration of the two groups, 1654 SNPs were obtained. To
improve the efficiency of association analysis, TASSEL v5.2 was used to screen and filter
with minor allele frequency (MAF < 0.05) and heterozygosity (H > 0.15) to obtain 1514 high
quality SNP markers. These markers have been used to analyze the association between
soybean resistance to Phytophthora sojae root rot and soybean mature grain hardness [25,26].

The LD degree r2 between SNP markers was calculated with TASSEL v5.2. The LD
decay trend line is shown in Figure S1. When r2 is 0.04, the average LD decay distance of
the population on 20 chromosomes is 544.01 kb [25].

2.5. Population Structure and Kinship

The kinship in this study was calculated based on the pairwise IBS method in TASSEL
v5.2. The calculated K matrix represents the kinship between different materials (Figure S2).
The K matrix has the same effect as the Q matrix in the association analysis. It is used
as a covariate in association analysis to reduce false positives [33]. STRUCTURE 2.2 was
used to estimate the population structure of 224 soybean mini core collection, and the
population structure analysis showed that when K was equal to 2, the ∆k value was the
largest, allowing the population to be divided into two subgroups [25] (Figure S3).

2.6. Genome-Wide Association Analysis

This study is based on TASSEL v5.2, using population structure (Q) as a covariate
and kinship (K) as a covariate. The MLM (Q + K) model was used to perform GWAS on
the values of the four plant architecture traits of the soybean mini core collection under
three environments and the average of the phenotypes in the three environments. To fully
exploit the valuable genetic information in the soybean mini core collection, the threshold
for significant association between the marker and the target trait was set to p ≤ 0.01
(−log10(p) ≥ 2), which has been used in the study of soybean fatty acid content [32],
mature grain hardness [26], and R6 stage yield-related traits [27] association analysis loci.
Manhattan Plot and Q-Q Plot were drawn based on the results of association analysis by
the R (V4.0.0) package“qqman” (V0.1.8, Stephen Turner, VA, USA, https://github.com/
stephenturner/qqman) [34,35].

2.7. Prediction and Annotation of Candidate Genes

According to the LD decay distance (±554.01 kb), SNP markers that were significantly
correlated in at least two environments and had the highest rate of phenotypic variation
were selected for candidate gene searches. The SoyBase database (https://www.soybase.
org/, accessed on 24 December 2021) and Phytozome (https://phytozome-next.jgi.doe.
gov/, accessed on 24 December 2021) functional annotation of genes and different tissue
expression data were combined to predict candidate genes for target traits. The soybean
reference genome was Wm82.a2.v1.

3. Results
3.1. Phenotypic Variation in the Four Plant Architecture-Related Traits

A two-year survey of four plant architecture-related traits of 224 diverse soybean
mini core accessions was conducted in Jiangpu, Nanjing, and Dangtu, Anhui. The results
showed that PH, NN, BN, and DI had extensive phenotypic variation in the soybean
mini core collection in all three environments (2016JP, 2017JP, and 2017DT) (Table 1). The
variation ranges of PH, NN, BN, and DI in the three environments were 28.06–165.52 cm,
10.15–27.6, 0.67–6.28, and 2.94–9.29 mm, respectively. The distributions of PH, NN, and
DI in 2016JP were significantly lower than in 2017JP and 2017DT, while the distribution
of BN in the three environments was basically the same (Figure 1). The results of the
analysis of variance showed that the four plant architecture-related traits had extremely

https://github.com/stephenturner/qqman
https://github.com/stephenturner/qqman
https://www.soybase.org/
https://www.soybase.org/
https://phytozome-next.jgi.doe.gov/
https://phytozome-next.jgi.doe.gov/
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significant differences in genotype, environment, and genotype–environment interactions
(Table 1), indicating that these plant architecture traits may be quantitative traits controlled
by multiple genes and easily affected by environmental factors. The heritability of PH,
NN, BN, and DI in these collections was 89.25%, 93.92%, 69.97%, and 73.05%, respectively.
Among them, the heritability of PH and NN was higher, while the heritability of BN and
DI was lower, indicating that BN and DI are greatly affected by the environment and
other factors.

Table 1. Descriptive statistic, analysis of variance, and heritability (h2) of plant architecture-related
traits in soybean mini core collection.

Traits Environments Mean SD Min Max
Significance

h2 (%)
FG FE FG×E

PH

2016JP 45.43 16.58 21.64 101

113.37 ** 7305.66 ** 13.19 ** 89.25
2017JP 73.17 30.66 27.5 177.67
2017DT 100.72 40.34 24 249.33
Mean 69.7 28.06 28.06 165.52

NN

2016JP 15.36 3.98 9.11 29.4

82.87 ** 627.76 ** 5.39 ** 93.92
2017JP 17.43 4.41 9.33 27.67
2017DT 18 4.23 10 28.83
Mean 16.75 4 10.15 27.6

BN

2016JP 2.82 1.27 0.33 9.89

13.62 ** 20.63 ** 4.22 ** 69.97
2017JP 2.54 1.23 0 7.33
2017DT 2.68 1.18 0.17 6.67
Mean 2.68 0.99 0.67 6.28

DI

2016JP 4.51 0.83 2.9 8.85

22.41 ** 1797.21 ** 4.87 ** 73.05
2017JP 5.72 1.24 3.36 10.66
2017DT 6.69 1.42 2.37 11.8
Mean 5.56 1 2.94 9.29

PH: plant height; NN: number of nodes on main stem; BN: branch number; DI: stem diameter; FG represents
the genotype effect; FE represents the environment effect; FG×E represents the interaction effect of genotype and
environment; ** represents significant at p ≤ 0.01.
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In addition, the four plant architecture-related traits of the soybean mini core collection
were continuously distributed and approximately normally distributed, consistent with
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the characteristics of quantitative traits (Figure 2). The correlation analysis based on the
phenotypic mean values of the four traits was computed, and the results are shown in
Table 2. There were highly significant positive correlations among PH, NN, BN, and DI
(r = 0.422–0.878, p ≤ 0.01). The correlation analysis showed positive correlations between
soybean plant architecture-related traits.

Agronomy 2022, 12, x FOR PEER REVIEW 6 of 17 
 

 

 

Figure 1. Boxplots of four plant architecture-related traits in soybean mini core collection in three 

environments. (a–d) Boxplots of PH, NN, BN, and DI. 

In addition, the four plant architecture-related traits of the soybean mini core collec-

tion were continuously distributed and approximately normally distributed, consistent 

with the characteristics of quantitative traits (Figure 2). The correlation analysis based on 

the phenotypic mean values of the four traits was computed, and the results are shown in 

Table 2. There were highly significant positive correlations among PH, NN, BN, and DI (r 

= 0.422–0.878, p ≤ 0.01). The correlation analysis showed positive correlations between soy-

bean plant architecture-related traits. 

 

Figure 2. Frequency distribution of plant architecture-related traits in soybean mini core collection. 

(a–d) Frequency distribution of PH, NN, BN, and DI. 

Figure 2. Frequency distribution of plant architecture-related traits in soybean mini core collection.
(a–d) Frequency distribution of PH, NN, BN, and DI.

Table 2. Correlation analysis of plant architecture-related traits in soybean.

Traits PH NN BN DI

PH 1
NN 0.878 ** 1
BN 0.487 ** 0.507 ** 1
DI 0.542 ** 0.522 ** 0.422 ** 1

** Represents significant at p ≤ 0.01; PH: plant height; NN: number of nodes on main stem; BN: branch number;
DI: stem diameter.

3.2. Genetic Diversity, Linkage Disequilibrium, and Population Structure

The analysis of SNP data, linkage disequilibrium, and population structure of
224 soybean mini core collections in this study has been reported by Huang et al. [25].
The population was genotyped using the 1645 SNPs obtained by integration, from which
1514 high-quality SNPs with missing data < 15%, minor allele frequency MAF ≥ 5%, and
heterozygous alleles ≤ 15% [36] were selected for subsequent analysis. The average LD
decay of the collections on 20 chromosomes was 554.01 kb at r2 < 0.04, as calculated using
TASSEL v5.2 [25] (Figure S1). The kinship coefficients were mostly concentrated from
0.3 to 0.4 using the pairwise IBS method, indicating that the pairwise kinship relatedness
among different soybean materials was weak [25] (Figure S2). Estimation of the population
structure by STRUCTURE 2.2 showed that the maximum ∆k value was obtained when the
K value was two, thus the Chinese soybean mini core collection could be divided into two
subgroups [25] (Figure S3).
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3.3. GWAS of the Four Plant Architecture-Related Traits

In this study, 1514 high-quality SNP markers were used to perform the GWAS based
on the MLM (Q + K) model for plant architecture-related traits (PH, NN, BN, DI) of
224 soybean mini core collections using the values for three environments: 2016JP, 2017JP,
and 2017DT, and for the phenotypic means in the three environments. A total of 41 SNP loci
(−log10(p) ≥ 2) were significantly associated with four traits in at least two environments,
of which 19, 15, 8, and 6 SNPs were significantly associated with PH, NN, BN, and DI,
respectively. Among the 19 PH SNPs, five co-localized with NN and two co-located with DI
at the same time. (Figures 3 and S4–S7). Among the markers that are significantly associated
with PH, three markers could be repeatedly detected in all environments, namely, markers
Q-02-0159217, BARC-041421-07980, and BARC-017097-02199 on chromosomes 2, 9, and 11,
and the contribution of BARC-017097-02199 with larger effects on the observed phenotypic
variation was 5.08–10.48% (Table 3). Three of the markers significantly associated with NN
were detected in all environments, including the marker Map-2026 on chromosome 11 and
the markers Map-2211 and Map-2213 on chromosome 12. Among them, Map-2213 had the
highest interpretation rate of phenotypic variation under the four environments, at 7.76%,
7.41%, 6.2%, and 7.62%, respectively.
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Table 3. Significantly associated SNPs of plant architecture-related traits in soybean mini
core collection.

Trait Markers Chromosome Position (bp) Allelic Environments −log10(p) R2 (%) References

PH Q-02-0147081 2 29,025,631 A/C 2016JP/2017JP/Mean 2.01–3.15 3.22–6.04

[37–39]Q-02-0158174 2 31,120,457 A/C 2016JP/2017JP/Mean 2.14–3.07 3.39–5.54

Q-02-0159217 2 31,236,629 A/G 2016JP/2017JP/
2017DT/Mean 2.07–4.14 4.15–8.19

Q-02-0164155 2 31,724,101 A/G 2016JP/2017JP/Mean 2.29–3.27 3.68–5.72
Q-05-0207994 5 40,057,732 A/G 2016JP/2017JP/Mean 2.27–2.64 3.91–4.38 [28]

BARC-014527-01571 6 656,098 C/T 2016JP/2017DT/Mean 2.13–2.69 5.18–5.97 [40]
Q-06-0128380 6 17,613,829 A/C 2016JP/2017JP/Mean 2.08–2.4 4.54–5.3 [37,41–43]

BARC-021425-04104 6 48,403,137 A/C 2016JP/2017JP/Mean 2.27–3.06 5.22–6.76 [44,45]
Map-1255 7 7,190,281 A/T 2017JP/Mean 2.66–3.46 4.42–6.6 [46]

BARC-041421-07980 9 44,020,453 A/T 2016JP/2017JP/
2017DT/Mean 2.02–3.44 4.89–7.96

BARC-028861-06032 9 48,977,064 A/G 2017JP/2017DT/Mean 2.01–2.2 4.24–5.23
Map-1899 10 44,738,812 A/C 2016JP/2017DT 2.25–2.31 3.62–4.75

BARC-017097-02199 11 6,030,644 A/G 2016JP/2017JP/
2017DT/Mean 2.14–4.62 5.08–10.48 [28]

Map-2516 13 43,492,402 A/C 2016JP/Mean 2.34–2.52 3.79–4.18 [10]
Q-14-0026827 14 3,164,755 A/C 2017JP/2017DT/Mean 2.07–2.54 3.25–5.26
Q-18-0016625 18 1,921,789 A/T 2017DT/Mean 2.05–2.07 4.64–5.79 [47]
Q-18-0040883 18 4,329,135 A/G 2016JP/Mean 2.2–2.3 3.5–3.71 [38]

Map-3990 19 45,340,653 A/G 2016JP/Mean 2.25–2.84 5.12–6.34 [48,49]
Q-20-0260630 20 43,442,146 A/C 2017DT/Mean 2.04–2.99 4.09–5.12

NN Map-0076 1 33,989,570 C/G 2016JP/2017DT/Mean 2.06–5.05 5.62–11.27
BARC-014287-01306 5 4,279,362 C/T 2017JP/2017DT 2.77–3.37 6.5–9.44
BARC-014527-01571 6 656,098 C/T 2016JP/Mean 2.63–2.88 5.88–6.35

Q-06-0128380 6 17,613,829 A/C 2017JP/Mean 2.08–2.61 4.55–5.96
Q-08-0277446 8 43,136,899 A/T 2017JP/2017DT/Mean 2.11–2.62 3.89–4.38

BARC-041421-07980 9 44,020,453 A/T 2017DT/Mean 2.22–2.54 5.75–6.19
BARC-028861-06032 9 48,977,064 A/G 2017JP/2017DT 2.08–2.26 4.59–4.84
BARC-017097-02199 11 6,030,644 A/G 2016JP/2017JP/Mean 2.23–3.63 5.21–8.23 [28]

Map-2026 11 25,164,685 A/T 2016JP/2017JP/
2017DT/Mean 2.12–3.04 3.57–6.56

Map-2211 12 17,971,162 A/G 2016JP/2017JP/
2017DT/Mean 2.47–3.11 6.61–6.83

Map-2213 12 18,455,502 A/C 2016JP/2017JP/
2017DT/Mean 2.2–3.4 6.2–7.76

Map-2218 12 23,616,522 C/G 2017JP/Mean 2.92–3.08 5.23–5.36
Q-15-0364055 15 49,261,407 A/T 2017DT/Mean 2.02–2.33 3.17–4.72
Q-15-0364629 15 49,325,995 A/C 2017DT/Mean 2–2.33 3.14–4.73

BARC-030259-06840 20 38,262,189 A/G 2016JP/2017JP/Mean 2.06–2.08 3.31–3.51
BN BARC-014639-01604 5 37,602,081 A/T 2017JP/Mean 3.67–4.2 8.42–10.1 [9]

Q-07-0088101 7 8,771,610 A/G 2016JP/Mean 2.25–2.49 3.85–4.34
BARC-013587-01169 8 10,563,212 C/G 2017JP/Mean 2.02–2.28 4.74–5.15

Q-08-0094591 8 12,454,445 A/G 2017DT/Mean 2.01–2.64 3.65–4.48
Map-2491 13 37,273,176 A/T 2016JP/Mean 2.37–2.41 4.09–4.11

BARC-039561-07508 14 48,880,009 C/T 2017JP/Mean 2.68–3.99 4.64–7.82
BARC-016029-02040 15 15,125,233 A/G 2017JP/Mean 2.07–2.19 4.7–5.23
BARC-018645-03217 17 4,097,240 A/G 2017JP/Mean 2.2–2.36 5.04–5.67

DI Q-05-0193181 5 42,009,549 A/C 2017DT/Mean 2.08–2.27 3.61–3.81
Q-08-0059708 8 8,402,455 A/G 2017JP/Mean 2.13–2.33 4.66–5.29

Map-1899 10 44,738,812 A/C 2016JP/2017JP 2.16–2.3 3.52–3.8
Map-2223 12 34,510,897 A/G 2017JP/2017DT 2.24–2.78 4.98–7.09

Q-15-0012218 15 1,858,944 A/G 2016JP/2017DT 2.26–2.34 5.28–5.73
Q-18-0040883 18 4,329,135 A/G 2017JP/Mean 2.08–2.27 3.24–3.74

In addition, four markers (BARC-014527-01571, Q-06-0128380, BARC-041421-07980,
and BARC-017097-02199) were significantly associated with PH and were located on
chromosomes 6, 9, and 11. A total of eight SNP loci were significantly associated with BN
in at least two environments, and the phenotypic variation interpretation rate ranged from
3.65% to 10.10%. Among them, BARC-014639-01604, which is located on chromosome 5,
had the highest phenotypic variation explanation rate in the 2017JP and mean environments,
at 10.10% and 8.42%, respectively. With a total of six SNPs significantly associated with DI
in at least two environments, the phenotypic variation interpretation rate for individual
SNP markers ranged from 3.52% to 7.09%, with Map-2223, located on chromosome 12,
showing the highest phenotypic variation interpretation rates of 4.98% and 7.09% in 2017JP
and 2017DT, respectively (Table 3). According to the SNPs that are stably and significantly
associated with a high phenotypic variation interpretation rate in different environments [7],
four SNP markers BARC-017097-02199, Map-2213, BARC-014639-01604, and Map-2223
were found to be remarkably related to PH, NN, BN, and DI in at least two environments
with large effects on subsequent candidate genes prediction.
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3.4. Functional Annotation of Candidate Genes

According to the four SNP markers BARC-017097-02199, Map-2213, BARC-014639-
01604, and Map-2223, which have been determined to have great effects on phenotypic
variation, and combined with the average LD decay distance of 544.01 kb, candidate genes
were detected in the candidate intervals near four markers. In this study, candidate genes
were predicted for PH, NN, BN, and DI, and a total of 18 candidate genes were obtained.
According to homologous gene and function annotation, these candidate genes encode
the pentatricopeptide repeat (PPR) superfamily protein, cytochrome P450 family proteins,
SAUR auxin-responsive protein and auxin efflux carrier protein, GDSL lipase, cyclin and
ubiquitin proteins, ubiquitin family protein, calcium-binding proteins, cellulose synthase,
bZIP transcription factor family proteins, SAUR-like auxin-responsive protein, and NAC
domain family proteins (Table 4).

Table 4. Function annotation for candidate genes of plant architecture-related traits in soybean.

Traits Candidate Genes Homologous Gene Function Annotation

PH Glyma.11g074100 AT4G36220 Cytochrome P450 (CYP84A1, FAH1)
Glyma.11g076200 AT4G38860 SAUR-like auxin-responsive protein family
Glyma.11g078800 AT1G80550 Pentatricopeptide repeat (PPR) superfamily protein
Glyma.11g079400 AT1G75900 GDSL-like Lipase/Acylhydrolase superfamily protein
Glyma.11g084500 AT1G20610 Cyclin B2;3
Glyma.11g084700 AT2G17200 Ubiquitin family protein
Glyma.11g085600 AT1G18485 Pentatricopeptide repeat (PPR) superfamily protein
Glyma.11g086800 AT2G17525 Pentatricopeptide repeat (PPR) superfamily protein
Glyma.11g086900 AT2G17525 Pentatricopeptide repeat (PPR) superfamily protein
Glyma.11g087300 AT5G65980 Auxin efflux carrier family protein

NN Glyma.12g142900 AT4G27280 Calcium-binding EF-hand family protein
BN Glyma.05g187300 AT5G64740 Cellulose synthase 6

Glyma.05g195000 AT1G01720 NAC domain transcriptional regulator superfamily protein
Glyma.05g196300 AT2G46690 SAUR-like auxin-responsive protein family

DI Glyma.12g180200 AT5G22810 GDSL-like Lipase/Acylhydrolase superfamily protein
Glyma.12g184200 AT3G62890 Pentatricopeptide repeat (PPR) superfamily protein
Glyma.12g184500 AT1G08320 bZIP transcription factor family protein
Glyma.12g186200 AT5G22380 NAC domain containing protein 90

The expression patterns of these candidate genes were downloaded from the Phyto-
zome database, and comparative analysis found that: the PH candidate gene Glyma.11G74100
is specifically and highly expressed in stems, shoot apical meristems (SAM), and pods, while
Glyma.11G084500 is in SAMs, nodules, and root hairs. In addition, Glyma.11G076200 is
specifically expressed in stems. Furthermore, the candidate gene Glyma.12G142900 for
NN is expressed in the node. The BN candidate gene Glyma.05G187300 has higher expres-
sion in the stem, and the DI candidate gene Glyma.12G184500 has higher expression in
the stem and nodules. These genes are expressed significantly differentially in specific
tissues, such as stems, SAMs, nodules, and leaves during soybean plant architecture de-
velopment (Figure 4). Therefore, these genes may be potential candidate genes for plant
architecture-related traits and may be involved in the process of regulating soybean plant
architecture morphogenesis.
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Figure 4. Heatmap profiles of the candidate genes in tissues. The color scale represents increased (red)
and decreased (navy blue) fold change in the levels of candidate genes transcripts. The horizontal
axis represents different soybean tissues (leaves, seed, pod, stem, SAM, nodules, root hairs, flower,
and root), and the vertical axis stands for different candidate genes.

4. Discussion

Population size is an important factor in GWAS that affects the accuracy of association
analysis. Increasing the number of samples in the population will broaden the genetic
variation of the population and thus improve the power of the associations [50], thus
generally using natural populations with wide genetic variation. Research has shown that a
population of more than 300 materials may have high-precision association results [51–54].
However, in actual research, the population cannot expand indefinitely. The core collection
uses the minimum set of accessions to represent the maximum genetic diversity of the
entire germplasm resources [55,56], which is a favorable sampling population for GWAS
mapping between target traits and markers [57,58]. There is abundant genetic variation in
the Chinese soybean mini core collection utilized in this study, which is an ideal population
for mining excellent loci or genes for complex traits.

In this study, field phenotype identification of four plant architecture-related traits
in the soybean mini core collection was performed in three environments. There were
extensive phenotypic variations in the four plant architecture traits in this collection. In
addition, the heritability of PH and NN was higher, 93.92% and 89.25%, respectively. The
heritability of BN and DI was lower, 69.97% and 73.05%, respectively (Table 1). This result
is basically consistent with the heritability calculated by Zhang et al. [10]. Compared with
PH and NN, BN and DI were easily affected by environmental factors, which is consistent
with the ANOVA results. The NN of soybeans was positively correlated with PH [20],
which is consistent with the results of our study (Table 2). Previous studies have confirmed
that PH, NN, BN, and DI play a crucial role in soybean yield [59,60]. Therefore, the co-
ordination and balance of soybean plant architecture-related traits could guarantee a high
soybean yield.

The MLM (Q + K) model was used to analyze the association of four plant architecture
traits in the soybean mini core collection. A total of 41 SNP markers that were signifi-
cantly associated with the target traits identified under at least two environments, among
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which 19, 15, 8, and 6 were associated with PH, NN, BN, and DI, respectively. Among the
19 PH SNPs, five markers (BARC-014527-01571, Q-06-0128380, BARC-041421-07980, BARC-
028861-06032, and BARC-017097-02199) co-located with NN, and two markers (Map-1899
and Q-18-0040883) co-located with DI at the same time. Among the 41 stable and signifi-
cantly associated markers identified in total, 15 were located in the QTLs of the related traits
reported, and 26 were new loci identified in this study (Table 3). Among these markers,
BARC-017097-02199 and the co-localization marker Q-05-0207994 with NN are located
within the QTL for PH and NN identified by an F2:10 RIL population [28]. In addition, four
markers (Q-06-0128380, BARC-021425-04104, Q-18-0016625, and Q-18-0040883) overlapped
with the reported plant height QTLs [37,38,41–45,47]. Among the eight SNP markers with a
significant association with BN, the marker BARC-014639-01604 was located in the BN QTL
detected using 236 F2 populations derived from the cross between Jiyu 50 and Jinong 18 [9].
In addition, PH and NN were significantly correlated, and the five co-localization markers
for PH and NN indicated that there was a greater possibility of QTLs for PH and NN in the
region where these markers were located.

The 18 candidate genes of plant architecture-related traits were preliminarily pre-
dicted based on the candidate intervals of four SNP markers (BARC-017097-02199, Map-
2213, BARC-014639-01604, and Map-2223). Among them, the four PH candidate genes
Glyma.11g078800, Glyma.11g085600, Glyma.11g086800, and Glyma.11g086900 and the DI
candidate genes Glyma.12g184200 encode proteins belonging to members of the pentatri-
copeptide repeat (PPR) protein family. PPR proteins are at the core of post-transcriptional
RNA modification [61]. In maize, ZmSMK9 encodes a P-type PPR protein, and Zmsmk9
mutants show not only delayed endosperm and embryo development but also upright leaf
architecture [62]. These candidate genes encoding PPR proteins may be involved in the
embryo development process, thereby affecting PH and DI. In addition, Glyma.11g074100
encodes a protein belonging to a member of the cytochrome P450 family. Cytochrome P450
plays important roles in biosynthesis pathways [63]. The cytochrome P450 gene, CYP85A2,
was significantly associated with soybean plant architecture and yield traits, and the CC
genotype of this locus was an excellent genotype for designing ideotypes and increasing
yield [64]. In addition, tissue expression analysis showed that Glyma.11g074100 expressed
specifically in stems and SAM (Figure 4). These results suggest that Glyma.11g074100 is a
potential candidate gene for PH. The BN and PH candidate genes Glyma.05g196300 and
Glyma.11g076200 both encode SAUR auxin response proteins. SAURs belong to the primary
auxin response gene families [65]. SAUR39 acts as a negative regulator of auxin synthesis
and transportation, regulating the growth rate, and increasing leaf and tiller angles in
rice [66]. The PH candidate gene Glyma.11g084500 encodes a cyclin protein. Cyclin genes
regulate the cell cycle of plants during growth and development. Ectopic overexpression of
the Arabidopsis cyclinD2;1 (Arath; CYCD2;1) gene resulted in leaf curling, decreased fruiting
branch number, and increased plant height in cotton [67].

Among NN candidate genes, Glyma.12g142900 encodes proteins belonging to the
calcium-binding proteins family, which is an important component of the plant calcium
signal transduction pathway. The overexpression of StCaM2, a potato calcium-binding
protein, promotes plant growth and improves stress tolerance in tobacco [68]. For BN, the
candidate gene Glyma.05g187300 encodes cellulose synthetase, and Glyma.05g195000 and
the DI candidate gene Glyma.12g186200 both encode NAC transcription regulators. NAC
transcription factors are involved in mediating auxin signaling to promote the formation
of SAM and for regulating secondary wall synthesis in fibers [69,70]. The overexpression
of OsmiR164b-resistant OsNAC2, which showed better plant architecture, produced more
grains and significantly upregulated the grain number and plant architecture-related genes
IPA1 and DEP1 [71]. The DI candidate gene Glyma.12g184500 encodes a bZIP transcription
factor family protein. The rice transcription factor OsbZIP49 determines plant architecture
by influencing the local homeostasis of the auxin [72]. Plant architecture-related traits are
complex in the growth and development of soybean plants. The above candidate genes may
be involved in growth and development, auxin synthesis and transportation, glycosylation
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reactions, cellulose synthesis, and other processes. These candidate genes will provide
information for cloning ideotype genes of soybean.

At present, the trend of molecular breeding research all over the world is clarifying the
genetic mechanism of important traits and mine-related genes for breeding and utilization.
These new loci and candidate genes found in the Chinese soybean mini core collection
could both enrich the gene network’s regulation of soybean plant architecture and be
used to develop molecular markers to provide new gene resources for plant architecture
molecular design breeding. The results of this study lay a foundation for the cloning and
functional verification of ideotype genes, as well as provide a reference for the study of
plant architecture of other crops.

5. Conclusions

In this study, a total of 41 stable and significant SNPs for plant architecture-related traits
were found using 224 Chinese soybean mini core germplasm via GWAS, of which 26 were
novel loci. In addition, four large-effect markers BARC-017097-02199, Map-2213, BARC-
014639-01604, and Map-2223 were identified for PH, NN, BN, and DI, respectively. Based
on gene annotation and tissue expression analysis, 18 promising candidate genes related
to soybean plant architecture were predicted in the candidate interval where the large-
effect markers were located. This study provides a reference for the genetic mechanism
of soybean plant architecture-related traits, which has been the basis of molecular design
breeding of the soybean ideotype.
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core collection. Figures S4–S7: Manhattan plots and Q-Q plots of GWAS for PH, NN, BN, and DI in
three environments.
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