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ABSTRACT 

As the major source of edible protein and oil, the global demand for soybean (Glycine max (L.) Merr.) 
is increasing. Plant height is closely related to yield; therefore, understanding the genetic basis of 
plant height will help to improve soybean plant type and increase seed yield. In this study, 
quantitative trait loci (QTLs) and nucleotides (QTNs) for soybean plant height were detected by 
linkage analysis and association analysis. A high-density map containing 2225 bin markers was 
constructed by using 108 342 SNPs of a recombinant inbred line population (named RIL3613) of 
120 lines for linkage analysis. In total, 39 QTLs were detected, including 16 QTLs that were 
repeatedly detected in multiple environments. Association analysis was performed by using 
63 306 SNPs from a germplasm population of 455 natural soybean accessions. In total, 62 QTNs 
were detected, and 26 QTNs were repeatedly detected by multiple methods. Fourteen QTNs 
were distributed in the intervals of six multiple-environment QTLs by comparing the results of 
association analysis and linkage analysis. With pathway analysis, six candidate genes were 
identified as being associated with plant height. These results contribute to analysis of the 
genetic basis of plant height and will promote marker-assisted selection for breeding ideal plant 
shape. 
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Soybean (Glycine max (L.) Merr.) is a major source of edible protein and oil, widely used in 
feed, food and industry (Lee et al. 2019). With the continuous development of food processing 
technology, the demand for soybean globally has been increasing. Therefore, increasing yield 
is an important breeding goal for soybean. Plant height is closely related to yield; a plant that 
is too short will have reduced yield, whereas a plant that is too tall will easily lodge, leading to 
a reduction in yield. Plant height is positively correlated with pod number per plant and node 
number of the main stem (Akhter and Sneller 1996; Chang et al. 2018). Plant height is a 
typical quantitative trait controlled by multiple genes and influenced by environment (Lee 
et al. 1996). It is important to identify and study quantitative trait loci (QTLs) related to 
plant height in order to guide marker-assisted selection (MAS) and research the molecular 
basis of the trait. 

On a basis of a genetic linkage map, linkage analysis of QTL mapping is the primary means 
of studying the inheritance of complex traits. In total, 230 QTLs associated with plant height 
have been listed in SoyBase (http://soybase.org/, 10 November 2020). However, soybean 
genetic maps in most previous studies were constructed based on low-throughput 
molecular markers such as restriction fragment length polymorphism (RFLP), amplified 
fragment length polymorphism (AFLP) and simple sequence repeat (SSR) markers (Keim 
et al. 1997; Xia et al. 2007; Priolli et al. 2015). The lack of high-throughput molecular 
markers meant insufficient precision of mapped QTLs in the larger intervals, for which it 
was difficult to apply QTLs to predict candidate genes, further limiting MAS for plant 
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height. Single nucleotide polymorphism (SNP) markers have 
become important in the construction of genetic maps and 
have being widely used to map QTLs for flowering period 
(Adewusi et al. 2017), branch number (Yang et al. 2017), 
protein and oil content (Patil et al. 2018; Seo et al. 2019), 
and 100-seed weight (Karikari et al. 2019). For plant height, 
Lee et al. (2015) mapped six QTLs in a genetic map containing 
516 SNP markers, and Cao et al. (2019)  mapped eight and 12 
QTLs with a high-density genetic map of two recombinant 
inbred line (RIL) populations containing 3958 and 2600 
SNP-bin markers, respectively. 

Genome-wide association study (GWAS), also known as 
linkage disequilibrium (LD) mapping, is another common 
method for mapping QTLs of complex quantitative traits (Lü 
et al. 2016). With the continuous development of molecular 
markers, GWAS based on high-density SNPs has been applied 
to the analysis of various complex quantitative traits in 
various soybean populations. Qi et al. (2020)  identified 118 
quantitative trait nucleotides (QTNs) controlling 100-seed 
weight of soybean, with the use of 109 676 SNP markers 
from 144 four RILs. Li et al. (2018)  identified six SNPs 
controlling soybean oil content and six SNPs controlling 

soybean protein content with the use of 1536 SNPs from 421 
natural populations. Jing et al. (2019) identified 14 SNPs 
related to soybean plant height with the use of 33 149 SNPs 
from 185 natural populations. Compared with linkage 
analysis using an artificial mapping population, association 
analysis using a natural population could be capable of 
detecting more alleles (Yu and Buckler 2006; Tian et al. 
2011; Li et al. 2018). Natural populations will accumulate a 
large number of recombinations in the long-term evolutionary 
process, and the results of GWAS with natural populations have 
higher resolution, which is beneficial for predicting candidate 
genes (Sonah et al. 2015). However, association analysis is 
prone to false positive results (Cao et al. 2017). By the 
combination of linkage analysis and GWAS, results could be 
verified mutually firstly, and then the interval size of linkage 
analysis could be shortened for the prediction of candidate 
genes and the false positive rate of association analysis could 
be decreased. At present, there are few reports on the 
combination of the two methods to study plant height of 
soybean (Cao et al. 2017; Li et al. 2020). 

On basis of the QTL mapping, more genes involved in 
formation of plant height have been mined. Plant height is 

Table 1. Joint ANOVA and heritability (h2) of plant height for the RIL3613 and germplasm populations in multiple environments. 

Population Source d.f. SS MS F P-value σ2 

RIL3613 Replication 2 5178.58 2589.29 15.28 <0.0001 

Environment 20 399 574.53 19 978.73 117.89** <0.0001 

Block 7 42 414.88 6059.27 35.75** <0.0001 

Replication × block 14 2703.41 193.10 1.14 0.3167 

Block (genotype) 112 410 180.40 3662.33 21.61** <0.0001 49.60 

Replication × environment 40 4681.70 117.04 0.69 0.9303 

Environment × block 140 120 895.79 863.54 5.1** <0.0001 

Replication × environment × block 280 43 867.48 156.67 0.92 0.8067 

Environment × block (genotype) 2165 1 373 473.42 634.40 3.74** <0.0001 154.97 

Error 4554 771 768.41 169.47 169.47 

Total 7334 3 167 346.38 

h2 0.83 

Germplasm Replication 2 1353.23 676.61 2.46 0.0852 

Environment 3 101 153.85 33 717.95 122.83** <0.0001 

Block 30 197 653.37 6588.45 24** <0.0001 

Replication × block 60 17 256.13 287.60 1.05 0.3769 

Block (genotype) 424 914 880.76 2157.74 7.86** <0.0001 139.40 

Replication × environment 6 381.32 63.55 0.23 0.9665 

Environment × block 86 112 773.77 1311.32 4.78** <0.0001 

Replication × environment × block 172 45 913.36 266.94 0.97 0.5865 

Environment × block (genotype) 1178 753 903.49 639.99 2.33** <0.0001 125.21 

Error 3204 879 537.28 274.51 274.51 

Total 5165 3 071 626.46 

h2 0.72 
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affected by stem growth habit and growth period genes (Tang 
2020; Wang 2020), and is controlled by a large number 
of QTLs. However, only a few related genes have been 
cloned and the molecular genetic mechanism underlying 
plant height is unclear. More genes need to be screened and 
identified. 

Here, QTL mapping of soybean plant height has been 
conducting using the combination of linkage analysis of a 
RIL population derived from the cross of Dongnong 
L13 × Heihe 36, and GWAS of a germplasm population of 
455 natural varieties. The candidate genes associated with 
soybean plant height were then predicted and verified by 
RT-qPCR analysis. The objective was to lay a foundation 
from which to probe the genetic basis and accelerate MAS 
for soybean plant shape breeding. 

Materials and methods 

Plant materials 

The plant material included a linkage panel and a germplasm 
panel. The linkage panel consisted of 120 RILs derived from a 
cross between two soybean cultivars, Dongnong L13 and Heihe 

Table 2. Characteristics of the 20 linkage groups in the high-density 
genetic map. 

Linkage 
group 

No. of SNP bins in 
map 

Map length 
(cM) 

Average interval 
(cM) 

Chr1 86 160.76 1.89 

Chr2 138 163.38 1.19 

Chr3 100 78.91 0.80 

Chr4 95 181.66 1.93 

Chr5 87 109.78 1.28 

Chr6 149 187.99 1.27 

Chr7 129 197.84 1.55 

Chr8 95 122.78 1.31 

Chr9 147 121.65 0.83 

Chr10 91 113.42 1.26 

Chr11 54 60.94 1.15 

Chr12 83 171.74 2.09 

Chr13 157 199.88 1.28 

Chr14 119 137.99 1.17 

Chr15 177 273.38 1.55 

Chr16 107 96.32 0.91 

Chr17 93 120.64 1.31 

Chr18 124 127.66 1.04 

Chr19 114 173.86 1.54 

Chr20 80 169.26 2.14 

Sum 2225 2969.84 1.37 

36, which differed in plant height. Dongnong L13 was bred by 
crossing Heinong 40 and Jiujiao 5640, and Heihe 36 was bred 
by crossing Bei 87-9 and Jiusan 90-66. The cross was 
performed in Harbin and F1 seeds were harvested in 2008. 
After the pseudo hybrid crosses were eliminated in 2009, 
seeds were planted in Harbin (126.63°E, 45.75°N) in summer 
and Yacheng (109.00°E, 17.50°N) in winter from 2010 to 
2014. The single-seed descent method was applied to treat 
the offspring in each generation. Then a RIL population 
containing 120 lines was obtained, named as RIL3613, with 
the detailed procedure stated in Ning et al. (2018). The  
germplasm panel comprised 455 soybean accessions including 
four landraces, 387 domestic and 44 foreign cultivars. 

Field experiments and phenotypic data collection 

The RIL3613 population was planted in 21 environments, and 
the germplasm population was planted in Harbin and 
Shuangyashan (E131.16°, N46.64°) in 2018 and 2019, respec-
tively (Supplementary Table S1). A replicated randomised 
block design was adopted in the experiment. Each block 
contained 15 lines, and there were three replicates. Ridges 
were 3 m long and 0.67 m wide, on which the seeds were sown 
in single row with the plant spacing set as shown in Table S1. 
Field management was similar to the local field management. 

Plant height was defined as the length from cotyledon mark 
to the top of main stem, in cm, and was investigated in the field 
after maturity. Ten plants in the middle of each ridge were 
randomly selected and for plant height measurement. The 
mean of 10 plants was used as the observed value of the 
plot, and the mean of the observed values of the three 
replications was used for QTL and QTN mapping. 

Analyses of phenotypic variation 

A frequency distribution histogram was drawn and descriptive 
statistics analyses was performed according to the average 
value of three repeated phenotypes of plant height in each 
environment. Analysis of variance (ANOVA) and estimation 
of generalised heritability were performed according to the 
three repeated phenotypic values of plant height in multiple 
environments. The statistical model of ANOVA for multiple 
environments was as follows: 

xeijk = μ + Ee + Rj + Bk + RBjk + BkðGiÞ + ERej + EBek + ERBejk 

+ EBekðGiÞ + εeijk 

where xeijk is the observed value of ith genotype of kth block in 
jth replication of eth environment; μ is the grand average; Gi is 
the ith genotype effect; Ee is the eth environment effect; Rj is the 
jth replication effect; Bk is the kth block in jth replication; RBjk 

is the interaction effect between jth replication and kth block; 
Bk(Gi) is  ith genotype in kth block; ERej is interaction between 
eth environment and jth replication; EBek is interaction 
between eth environment and kth block; ERBejk is interaction 
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Fig. 1. Frequency of QTLs influencing plant height on 20 chromosomes in the RIL3613 population. 

effect among eth environment and jth replication and kth 
block; EBek(Gi) is  ith genotype under interaction between eth 
environment and kth block; and εeijk is the error effect 
following N(0, σ2). 

Generalised heritability for multiple environments was 
estimated as: 

σ2 

h2 B= 
ðGÞ 
σ2 

σ2 
 + EBðGÞ + 2

σ 

BðGÞ e er 

where h2 is the generalised heritability of mean over 
multiple environments, σ2 is B G  the variance of genotype 

2 
ð Þ

under block, σ is the EB G  variance of genotype underð Þ
environment × block interaction, σ2 is the error variance, e 
is the number of environments, and r is the number of 
repetitions in each environment. Significance of each 
factor was tested by the general linear model method and 
variance estimated by the mixed method implemented in 
SAS 9.2 (SAS Institute, Cary, NC, USA). 

SNP genotyping 

All lines in RIL3613 and the germplasm population were 
genotyped, with SoySNP660K BeadChip (Beijing Boao 
Biotechology, Beijing, China) and SoySNP180K BeadChip 
(Beidahuang Kenfeng Seed, Harbin, China), respectively. In 
total, 108 342 SNPs and 63 306 SNPs were obtained on 20 
chromosomes after quality filtering of the two populations 

based on the criteria of allele frequency (MAF) >0.05 and 
maximum missing sites per SNP <10% (Belamkar et al. 2016). 

Bin marker map and QTL analysis 

The possible crosspoints for the SNPs of RIL3613 were 
determined by the Python 2.7 package SNPbinner (https:// 
github.com/solgenomics/SNPbinner), with the minimum dis-
tance between crosspoints in base pairs of 15 SNPs. The 
representative bins were then created by the aggregate break-
points resulting from crosspoints for the whole population 
(the minimum size of each bin is 30 kb) and were used to 
determine the genotypes for each RIL. The bin markers obtained 
were used to construct the bin linkage map with the use of QTL 
IciMapping version 4.1 (https://www.isbreeding.net). 

Detection of additive QTLs was performed by two mapping 
methods, interval mapping (IM-ADD) (Lander and Botstein 
1994) and inclusive composite interval mapping (ICIM-ADD) 
(Wang 2009), via QTL IciMapping version 4.1. The scan step 
was set to 1.00 cM and logarithm of odds (LOD) threshold was 
set to 2.50. For ICIM-ADD, the P-value for entering variables 
(PIN value) was set to 0.001. The QTLs were named by the 
method of McCouch et al. (1997). 

Genome-wide association studies 

Li et al. (2020)  describe the population structure and LD of the 
germplasm population, and the results showed that there were 
two subgroups (K = 2), which contained 132 (29.01%) and 323 
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Fig. 2. Percentage of phenotype variation explained by QTLs detected in the RIL3613 population. Red represents 
QTLs detected by interval mapping method and blue represents QTLs detected by inclusive composite interval mapping 
method. 

(70.99%) accessions, respectively. The LD decay distance was 
estimated to be 86 kb. 

According to the population structure and LD results, the 
mrMLM.GUI software package (Zhang et al. 2020) was  used  
for GWAS. Six methods were used to identify significant QTNs: 
mrMLM (Wang et al. 2016), FASTmrMLM (Tamba and Zhang 
2018), FASTmrEMMA (Wen et al. 2019), pLARmEB (Zhang 
et al. 2017), ISIS EM-BLASSO (Tamba et al. 2017) and  
pKWmEB (Ren et al. 2018). In the first stage, the critical 
P-value of FASTmrEMMA was set to 0.005, and the critical 
P-value of the other methods was set to 0.01. In the final 
stage, the critical LOD value of significant QTNs was set to 3. 
All matrices used in the analysis process were also calculated 
by the software itself. 

Identification of potential candidate genes 

The candidate genes were identified from the Phytozome 
website (https://phytozome.jgi.doe.gov/) in the  43  kb  
flanking attenuation region of QTN loci that were located 
in the intervals of QTLs and the QTLs with shorter 
intervals (<500 kb) identified in the multiple environ-
ments. The genes expressed in the stem were then 
identified. Finally, the candidate genes related to plant 
height were identified through the gene annotation 
information and protein function  in  the  NCBI  database  
(https://www.ncbi.nlm.nih.gov/) and pathway analysis in 
the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
(https://www.kegg.jp/). 
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Table 3. Linkage analysis of 16 QTLs in multiple environments. 

QTL Env. Chr. Maker interval LOD PVE (%) ADD Physical region 
(Mb) 

Method 

qPH-5-1 E5/E6 5 36c05022– 
36c05024 

3.80/3.79 1.53/2.59 −9.00/−8.86 6.04–6.51 IM/IM 

qPH-5-2 E5/E6/E5/ 
E6 

5 36c05023– 
36c05027 

4.90/4.62/5.53/ 
4.62 

2.25/3.61/15.59/ 
17.42 

−11.96/−11.55/−12.17/ 
−11.55 

6.20–27.82 IM/IM/ICIM/ 
ICIM 

qPH-6-2 E5/E6/E5 6 36c06023– 
36c06024 

4.31/3.12/4.77 1.77/2.19/11.54 −5.67/−4.77/−5.34 4.22–4.34 IM/IM/ICIM 

qPH-6-5 E5/E6 6 36c06136– 
36c06141 

3.31/2.95 1.99/3.12 −12.32/−11.77 49.81–50.29 IM/IM 

qPH-6-4 E5/E6 6 36c06129– 
36c06130 

3.23/3.13 1.32/2.17 −5.06/−4.88 49.30–49.54 IM/IM 

qPH-7-1 E5/E6 7 36c07006– 
36c07021 

3.16/3.05 1.31/2.27 −13.22/−12.52 1.70–5.61 IM/IM 

qPH-9-1 E5/E6 9 36c09041– 
36c09045 

3.07/3.00 1.25/2.08 −8.92/−8.70 5.96–6.96 IM/IM 

qPH-9-2 E5/E6 9 36c09123– 
36c09138 

2.70/2.55 1.16/1.85 −9.42/−9.02 46.39–48.49 IM/IM 

qPH-10-1 E5/E6 10 36c10074– 
36c10075 

3.74/3.43 1.52/2.36 −10.35/−9.79 43.35–44.32 IM/IM 

qPH-12-1 E5/E6 12 36c12013– 
36c12078 

3.21/2.93 1.32/2.07 −10.99/−10.33 3.44–39.34 IM/IM 

qPH-12-2 E5/E6 12 36c12075– 
36c12080 

2.99/2.62 2.62/3.70 −11.01/−10.35 38.95–39.60 IM/IM 

qPH-15-2 E5/E6 15 36c15015– 
36c15092 

3.20/3.12 1.31/2.16 −12.00/−11.69 4.38–19.51 IM/IM 

qPH-16-5 E8/E9/E8 16 36c16064– 
36c16067 

3.04/5.33/3.69 9.08/18.99/11.60 −6.52/−9.69/−6.86 30.33–30.91 IM/IM/ICIM 

qPH-16-3 E12/E18/ 
E12 

16 36c16063– 
36c16064 

3.40/3.71/3.40 10.36/14.45/12.90 −4.92/−6.31/−4.92 30.17–30.42 IM/IM/ICIM 

qPH-18-2 E5/E6 18 36c18015– 
36c18016 

3.25/3.13 1.33/2.18 −5.00/−4.82 3.73–4.03 IM/IM 

qPH-20-1 E5/E6 20 36c20018– 
36c20058 

2.67/2.55 1.22/2.03 −9.15/−8.81 8.41–40.49 IM/IM 

LOD, logarithm of odds; PVE, phenotypic variation explained by QTL; ADD, contribution of parents to the additive effect; IM, interval mapping method; ICIM, inclusive 
composite interval mapping. 

Validation of candidate genes 

The relative expression level of candidate genes in the two 
parents, Heihe 36 and Dongnong L13, was verified with the 
use of RT-qPCR. Starting from the R1 period and then every 
10 days, the main stem of the third top node was sampled 
with three replications. Total RNA was extracted by using 
an OminiPlant RNA Kit (Dnase I) (CWBIO, Jiangsu, China). 
First-strand cDNA was synthesised with EasyScript One-Step 
gDNA Removal and cDNA Synthesis SuperMix kit (TransGen 
Biotech, Beijing, China) with the use of 2 μg total RNA. RT-
qPCR was conducted by Roche LightCycler 96 (Roche, 
Basel, Switzerland) with SYBR Green (TOYOBO, Osaka, 
Japan), and the reaction system contained the following 
components: 10 μL SYBR Green Realtime PCR Master Mix, 
0.8 μL each primer (10 μM), 6.4 μL distilled water, and 2 μL 

diluted cDNA. RT-qPCR was run under the following 
conditions: pre-denaturation 95°C for 30 s; PCR 40 cycles of 
95°C for 5 s, 60°C for 20 s and 72°C for 15 s; melting curve 
analysis 95°C for 10 s, 65°C for 60 s and 97°C for 1 s. All 
PCR reactions were repeated three times. Data were processed 
by the 2−ΔΔCt method, with FBOX (Bansal et al. 2015) as the 
reference gene. The primers are shown in Table S2. 

Results 

Phenotypic variation of plant height 

The absolute values of kurtosis and skewness were <1 in  the  
vast majority of environments (except E12, E17 and E23) for 
the RIL3613 population and germplasm population, which 
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indicated that plant height was controlled by multiple genes in to 20.38% for the germplasm population, which indicated that 
plant height was greatly influenced by environment (Fig. S1, 
Table S3). The ANOVA showed that there were significant 
differences for genotype and genotype × environment 

these two populations (Table S3). The coefficient of vari-
ation (CV) of plant height in all environments ranged from 

8.19% to 22.40% for the RIL3613 population and from 17.71% 
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Fig. 5. Percentage of phenotypic variation explained by QTNs detected in the germplasm panel. E22-1 to E22-6 
represent the QTNs detected using the six methods mrMLM, FASTmrMLM, FASTmrEMMA, pLARmEB, 
ISIS EM-BLASSO and pKWmEB, respectively, in E22. 

interaction effects (Table 1), which indicated that different Genetic map construction and QTL analysis of 
plant height QTLs and QTNs might be detected in different environments. 

The multi-environmental heritability values of RIL3613 and The high-density map of the RIL3613 population was 
constructed by using 2225 bin markers covering all 20 linkage 

groups (LGs). The total length of the map was 2969.84 cM with 

germplasm populations were 83% and 72%, respectively, 
indicating that plant height was affected by the genetic effect. 
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Table 4. QTNs for plant height in soybean across different multilocus methods. 

Method Marker Chromosome Position (bp) QTN effect LOD score r2 (%) 

1, 5, 6 AX-90510322 1 2 325 529 −5.16, −3.74, −3.29 3.54, 3.67, 3.10 5.05, 5.76, 2.21 

1, 5, 6 AX-90436869 2 49 671 843 −11.36, −6.79, −6.98 5.57, 3.50, 3.46 5.29, 3.22, 2.32 

5, 6 AX-90497688 3 3 534 464 −5.44, −4.10 5.54, 3.89 3.50, 3.79 

1, 4, 5, 6 AX-90488156 3 37 229 944 −6.74, −4.52, −4.03, −4.39 4.11, 3.81, 3.08, 3.88 5.06, 2.46, 1.95, 2.47 

1, 2, 4 AX-90396409 3 39 646 963 −5.21, −4.58, −3.33 3.44, 4.85, 3.26 3.44, 2.79, 1.23 

1, 2, 5, 6 AX-90501415 3 45 475 385 −4.27, −4.62, −5.14, −3.12 4.34, 7.28, 8.77, 3.36 3.65, 4.49, 5.53, 2.53 

4, 5 AX-90340537 4 46 076 527 2.24, 2.66 3.04, 3.53 1.41, 1.98 

4, 6 AX-90475130 6 16 085 818 4.63, 3.48 5.31, 3.22 3.27, 3.25 

1, 2 AX-90512501 6 16 287 356 4.17, 3.42 3.76, 4.29 3.48, 2.46 

1, 4, 5 AX-90478413 6 48 951 836 3.97, 3.08, 2.94 3.72, 4.09, 3.99 4.16, 2.69, 2.46 

1, 2, 6 AX-90517857 7 8 683 811 3.77, 2.72, 2.63 10.45, 4.42, 3.58 5.47, 2.96, 4.39 

1, 4, 5 AX-90337523 9 4 554 050 −5.70, −4.59, −4.05 3.68, 4.04, 3.20 3.80, 2.16, 2.00 

2, 6 AX-90326100 9 4 594 345 2.83, 2.25 3.77, 3.12 1.81, 2.32 

4, 5, 6 AX-90514879 9 37 095 768 −4.33, −3.98, −3.83 4.08, 3.76, 3.97 2.30, 2.12, 3.54 

5, 6 AX-90395513 9 45 995 160 −3.75, −3.34 3.39, 3.04 2.16, 3.72 

1, 6 AX-90307995 10 39 996 072 4.91, 2.71 3.83, 3.36 3.50, 2.01 

1, 4, 5, 6 AX-90446838 13 146 394 −4.82, −3.48, −3.88, −3.96 3.70, 3.82, 4.52, 4.95 4.73, 2.66, 3.31, 4.90 

4, 5 AX-90484138 13 11 886 622 2.83, 3.02 3.39, 3.59 2.30, 2.63 

4, 6 AX-90464777 13 36 427 433 3.79, 4.07 4.53, 5.03 2.77, 5.33 

3, 4, 5, 6 AX-90349538 14 4 050 895 −6.88, −2.63, −2.65, −2.88 6.06, 3.89, 3.96, 4.28 3.96, 2.35, 2.37, 4.22 

5, 6 AX-90498700 14 13 044 908 7.87, 6.85 3.69, 3.45 2.30, 3.40 

1, 6 AX-90452177 15 42 966 910 5.89, 3.22 4.31, 3.27 3.08, 2.11 

1, 4 AX-90391827 15 43 843 097 4.86, 3.33 3.97, 4.20 4.84, 1.99 

2, 5, 6 AX-90424485 16 18 622 183 −5.86, −5.07, −6.33 4.17, 3.35, 5.49 4.44, 3.32, 6.62 

1, 5 AX-90437138 16 31 681 528 3.56, 2.20 3.75, 3.54 4.32, 1.77 

4, 6 AX-90517408 18 2 443 523 −5.67, −4.32 4.04, 3.51 2.22, 3.16 

Methods 1–6, respectively: mrMLM, FASTmrMLM, FASTmrEMMA, pLARmEB, ISIS EM-BLASSO and pKWmEB. LOD, logarithm of odds; r2, proportion of total 
phenotypic variation explained by each QTN. 

an average distance of 1.33 cM between adjacent markers. The 
average length of each LG was 148.50 cM for the RIL3613 
linkage map, and the average number of markers in each LG 
was 111.25 (Table 2, Fig. S2).  

Linkage analysis was performed with the use of the 
high-density bin map of the RIL3613 population by IM-ADD 
and ICIM-ADD methods. In total, 39 plant height QTLs were 
identified in the RIL3613 population. QTLs were detected in 
12 environments as follows: E1 (1), E4 (3), E5 (19), E6 (15), 
E8 (3), E9 (2), E12 (2), E13 (2), E14 (1), E16 (5), E18 (1) 
and E19 (1). The QTLs were located on 14 linkage groups 
(Table S4, Fig. 1). Higher environmental variation increased 
the statistical error and reduced the significance of QTL 
detection, which resulted in the inability to detect QTLs in 
the other nine environments. The number of QTLs detected 
in each linkage group ranged from 1 to 6, and the phenotypic 
variation explanation (PVE) ranged from 1.11% to 18.99% 
(Fig. 2). There were eight QTLs (qPH-15-3, qPH-16-3, 

qPH-3-4, qPH-16-1, qPH-16-5, qPH-5-2, qPH-6-2, qPH-18-
3) with  PVE  >10%, and these could be considered the main 
QTLs controlling plant height. 

Among 16 QTLs detected in multiple environments, 14 
QTLs were detected in E5 and E6, one in E8 and E9, and one 
in E12 and E18 with PVE of 1.16–18.99% (Table 3). The 
additive effects of the 16 QTLs were all negative, indicating 
that the synergistic genes were derived from male parent 
(Heihe 36). Furthermore, the physical intervals of qPH-5-1, 
qPH-6-2, qPH-6-4, qPH-6-5, qPH-16-3 and qPH-18-2 were 
<500 kb, which could be applied to the prediction of 
candidate genes involving plant height formation. 

QTNs detected by multilocus GWAS methods 

Among 62 QTNs for plant height on 18 chromosomes (except 
chromosomes 11 and 20) detected by GWAS (Table S5), 20 
were identified by mrMLM, 10 by FASTmrMLM, three by 
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Fig. 6. Distribution on genome map of QTLs and QTNs for plant height identified in RIL3613 and germplasm 
panels. Red represents the QTNs identified in the QTL intervals and the QTLs with shorter intervals (<500 kb) 
identified in the multiple environments. 
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FASTmrEMMA, 18 by pLARmEB, 25 by ISIS EM-BLASSO and 
29 by pKWmEB (Fig. 3). Of all QTNs, 15 were detected in E22, 
23 in E23, 13 in E24 and 11 in E25 (Fig. 4). Single QTNs could 
explain phenotypic variation of 8.79 × 10−12–13.12% (Fig. 5). 

Detected by multiple methods (Table 4), 26 QTNs and the 
QTN effect (positive or negative) were consistent among 
different methods for all QTLs. Of these QTNs, four were 
detected by four methods, eight by three methods, and 14 
by two methods (Fig. 3). 

Co-detected results by linkage analysis and 
association analysis 

The 62 QTNs identified by association analysis in the 
germplasm panel were compared with the 39 QTLs 
identified by linkage analysis in the RIL3613 population. 
Fourteen QTNs detected in the germplasm panel were 
located in the intervals of nine QTLs identified in RIL3613: 
AX-90488156 in the interval of qPH-3-4; AX-90381430, 
AX-90340071, AX-90340537, AX-90345308 and AX-
90394421 in the interval of qPH-4-1; AX-90381345 in the 
interval of qPH-5-2; AX-90475130, AX-90417410 and AX-
90512501 in the interval of qPH-6-3; AX-90408071 and 
AX-90422072 in the interval of qPH-12-1; AX-90424485 
and AX-90437138 in the interval of qPH-16-1 (Fig. 6). 

Potential candidate gene determination 

Potential candidate genes were searched within shorter 
intervals (<500 kb) of six QTLs (qPH-5-1, qPH-6-2, qPH-6-4, 
qPH-6-5, qPH-16-3 and qPH-18-2), which were repeatedly 
identified in multiple environments by linkage analysis. 
In total, 162 genes were identified, of which 140 were 

expressed in stems. The 140 genes were used for pathway 
analysis and the results showed that 46 (32.9%) of 140 
genes were annotated in 70 pathways in the KEGG database 
(http://www.keg.jp/) (Table S6, Fig. S3). 

Potential candidate genes were also searched within 
the 43 kb flanking attenuation region of 14 QTNs (AX-
90488156, AX-90381430, AX-90340071, AX-90340537, 
AX-90345308, AX-90394421, AX-90381345, AX-90475130, 
AX-90417410, AX-90512501, AX-90408071, AX-90422072, 
AX-90424485 and AX-90437138), which were identified in 
the QTL intervals. In total, 91 genes were identified, of 
which 80 genes were expressed in stems. These 80 genes 
were used for pathway analysis, which showed that 37 
(46.2%) of 80 genes were annotated in 39 pathways in the 
KEGG database (http://www.keg.jp/) (Table S7, Fig. S4). 

According to the annotation information and metabolic 
function information, eight genes (Glyma.05G066200, Glyma. 
06G306300, Glyma.16G143600, Glyma.18G044400, Glyma. 
18G045100, Glyma.06G185500, Glyma.06G186400, Glyma. 
06G187000) were selected as potential candidate genes 
that might be directly or indirectly related to plant height 
(Table 5). 

Validation of candidate genes 

The RT-qPCR technique was used to identify the relative 
expression levels of the eight candidate genes in the two 
parents. The results showed that the plant height of Dongnong 
L13 and Heihe 36 continued to increase from R1 to Day 40 
after flowering, with significant differences in plant height 
at all periods. The expression levels of Glyma.05G066200, 
Glyma.06G306300, Glyma.06G187000 and Glyma.06G 
186400 in the parents increased continuously from R1 to 

Table 5. Detailed information of eight candidate genes related to plant height. 

QTL or QTN Gene name Chromosome Position KEGG Orthology Annotation 
name no. 

qPH-5-1 Glyma.05G066200 Chr05 6 482 196–6 486 368 K00261 GLUD1_2, gdhA; glutamate 
dehydrogenase (NAD(P)+) (EC.1.4.1.3) 

qPH-6-4 Glyma.06G306300 Chr06 4 952 9272–4 9531 512 K08341 GABARAP, ATG8, LC3; GABA(A) 
receptor-associated protein 

qPH-16-3 Glyma.16G143600 Chr16 30 379 885–30 382 483 K02716 PsbO; photosystem II oxygen-evolving 
enhancer protein 1 

qPH-18-2 Glyma.18G044400 Chr18 3 836 270–3 837 813 K00963 UGP2, galU, galF; UTP—glucose-1-
phosphate uridylyltransferase (EC.2.7.7.9) 

qPH-18-2 Glyma.18G045100 Chr18 3 897 921–3 904 561 K17839 PAO4, PAO3, PAO2; polyamine oxidase 
(EC.1.5.3.17 1.5.3.-) 

AX-90475130 Glyma.06G185500 Chr06 16 114 111–16 119 696 K05954 FNTB; protein farnesyltransferase subunit 
beta (EC.2.5.1.58) 

AX-90417410 Glyma.06G186400 Chr06 16 225 061–16 230 826 K00966 GMPP; mannose-1-phosphate 
guanylyltransferase (EC.2.7.7.13) 

AX-90417410, 
AX-90512501 

Glyma.06G187000 Chr06 16 265 397–16 267 777 K14492 ARR-A; two-component response 
regulator ARR-A family 
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Day 20 and then decreased from Day 20 to Day 30 (Fig. 7b, c, 
h, i). The expression levels of Glyma.16G143600, Glyma. 
18G044400, Glyma.18G045100 and Glyma.06G185500 in 
the parents increased from R1 to Day 10 and then decreased 
from Day 10 to 30 (Fig. 7d–g). Seven of the eight candidate 
genes (except Glyma.18G044400) showed significant 
differential expression at one or more periods between 
the two parents, and the expression levels of these seven 
genes of Dongnong L13 were higher than those of 
Heihe 36. 

Discussion 

As a typical quantitative trait, plant height has been studied 
mainly by linkage analysis or association analysis. In previous 
studies, the low-density genetic map of a small number of 
RFLP, AFLP and SSR molecular markers might result in 
lower detection and large intervals of QTLs. Furthermore, 
phenotypic data from single-environment field experiments 
were prone to error. With objective of lower false positive 
QTLs, higher thresholds of LOD were usually set (determined 

Fig. 7. Plant height and relative expression patterns of candidate genes: (a) plant height of the two parents at different growth periods; 
(b)–(i) relative expression of the eight genes at different periods. For comparisons between lines at a growth stage: *P < 0.05, **P < 0.01, 
****P < 0.0001. Bars denote standard deviations. 
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by permutation) to declare the existence of a QTL (Fang et al. 
2020). With the continuous development of molecular marker 
technology, linkage maps were constructed by high density 
markers (such as SNP). In addition, multiple background 
populations and the multi-environment field experiments were 
utilised to collect phenotype data. In order to detect QTLs/ 
QTNs with higher detection power and a lower false positive 
ratio, multiple statistical models with lower significance 
standards were simultaneously used to analyse the data in 
the multiple environments. Then the repeatedly identified 
QTLs/QTNs were considered authentic (Fulton et al. 1997; Li 
et al. 2020). We used two genetic panels with high-density 
SNP markers and 25 planting environments in a complex exper-
iment to collect plant height phenotypes. Multiple statistical 
methods were applied for linkage analysis and GWAS. For 
linkage analysis, IM (Lander and Botstein 1994) and  ICIM  
(Wang 2009) are  different in theory. With IM, it is 
reasonable to infer the specific location  of  QTLs from  intervals,  
the estimated QTL effects and position are unbias if there is 
only one QTL on one chromosome. ICIM has low sampling 
error and high precision and efficiency of detection. 
Furthermore, the LOD value 2.5 could guarantee high 
detection power. 

For the association analysis, compared with single-locus 
MLM (Yu et al 2006), six methods for multiple-locus GWAS 
were different in theory, including mrMLM (Wang et al. 
2016), FASTmrMLM (Tamba and Zhang 2018), FASTmr 
EMMA (Wen et al. 2019), pLARmEB (Zhang et al. 2017), 
ISIS EM-BLASSO (Tamba et al. 2017) and pKWmEB (Ren 
et al. 2018). None of these six multilocus methods required 
Bonferroni correction. Therefore, many more QTN loci 
could be detected. In addition to different algorithms for the 
selection of correlated markers, all of these methods have 
been applied to the selected markers in one model. Then all 
effects were estimated in the model by empirical Bayes 
method, and further, all non-zero effects were identified by 
the likelihood ratio test. These methods had high confidence 
and accuracy with low false-positive rates (Zhang et al. 2020). 

Recently, combinations of association and linkage analysis 
have been used to verify QTLs/QTNs in soybean. Li et al. 
(2020) compared 77 QTNs for oil identified from a 
germplasm population with 103 oil QTLs identified from 
FW-RIL and found that 17 QTNs for oil were located in the 
intervals of oil QTLs. Fang et al. (2020) compared 10 QTNs 
for plant height identified in RIL6013 with nine plant height 
QTLs identified in RIL6013 in multiple environments and 
found that four of the QTNs for plant height were located in 
the intervals of plant height QTLs. In the present study, 
fourteen QTNs detected in the germplasm panel were 
located in the intervals of nine QTLs identified in the 
RIL3613 population, which confirmed the accuracy of 
linkage analysis and association analysis. The combination of 
linkage analysis and association analysis effectively reduced 
the interval size of QTLs and the false positives of QTNs. 

It was beneficial to the search for potential candidate 
genes. 

There are about 230 QTLs and 95 QTNs associated with 
plant height covering each chromosome in SoyBase (http:// 
soybase.org/20201110). In this study, 16 QTLs for plant 
height were detected in multiple environments, and 14 of 
these QTLs showed the inclusion in or overlap with intervals 
of QTLs detected in previous studies (Table S8): qPH-5-1 
(Sun et al. 2006), qPH-5-2 (Kabelka et al. 2004; Sun et al. 
2006), qPH-6-2 (Guzman et al. 2007), qPH-6-5 (Josie et al. 
2007), qPH-6-4 (Gai et al. 2007), qPH-7-1 (Mansur et al. 
1993; Orf et al. 1999; Specht et al. 2001), qPH-9-1 (Kabelka 
et al. 2004; Wang et al. 2004; Pathan et al. 2013), qPH-9-2 
(Palomeque et al. 2009; Rossi et al. 2013), qPH-10-1 
(Mian et al. 1998; Wang et al. 2004), qPH-12-1 (Lee et al. 
1996; Specht et al. 2001; Eskandari et al. 2013), qPH-12-2 
(Lee et al. 1996), qPH-15-2 (Sun et al. 2006; Liu et al. 
2011), qPH-18-2 (Pathan et al. 2013) and  qPH-20-1 (Sebolt 
et al. 2000; Chapman et al. 2003; Guzman et al. 2007). qPH-
16-3 and qPH-16-5 were new QTLs. The 62 QTNs identified 
in this study were not overlapping or close to reported 
QTNs, indicating that these were new QTNs. These results 
confirmed the validity of QTLs/QTNs, which proves the 
accuracy of this study. 

Based on the pathway analysis of 140 genes of QTLs 
identified in multiple environments within shorter intervals, 
a total  of  five genes (Table 5) may regulate the growth and 
development of soybean, further affecting plant height and 
yield of soybean. Glyma.05G066200 is involved in the 
synthesis of glutamate dehydrogenase (NAD(P)+), which 
plays a key role in nodule formation of soybean, affecting 
nitrogen metabolism and further affecting the growth and 
development of soybean (Grzechowiak et al. 2020). 
Glyma.06G306300 is involved in the synthesis of ATG8, one 
of the core components in the formation of autophagosomes, 
which directly mediates the expansion of autophagosomes, 
and whose transcripts are highly inducible in starvation. 
GmATG8c can promote plant growth and increase yield (Xia 
et al. 2012). Glyma.16G143600 is involved in the synthesis 
of PsbO, which can stabilise the photochemical efficiency of 
PSII and increase chlorophyll content to promote plant 
growth and increase yield under different abiotic stress 
factors such as cold, heat, strong light and salinity) (Sasi 
et al. 2018). Glyma.18G044400 is involved in the synthesis 
of UTP—glucose-1-phosphate uridylyltransferase, which is 
involved in sucrose or polysaccharide metabolism and cell 
wall biosynthesis, and may promote the development of 
plant fibre cells and affect plant height and plant growth and 
development (Li et al. 2014). Glyma.18G045100 is involved 
in the synthesis of polyamine oxidases, which play an 
important role in plant growth and development under biotic 
and abiotic stresses (especially temperature) (Gholizadeh and 
Mirzaghaderi 2020). 

Based on the pathway analysis of 80 genes from 14 QTNs 
identified in the multiple environment QTL intervals, we 
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conclude that a total of three genes (Table 5) may regulate 
soybean growth and development, further affecting plant 
height and soybean yield. Glyma.06G185500 is involved in 
the synthesis of protein farnesyltransferase subunit beta, which 
regulates the meristem of stems and flowers, and which is 
widely used in plant growth and development (Kang et al. 
2013). Glyma.06G187000 is involved in the synthesis of 
two-component ARR-A family regulators, which are partially 
redundant negative regulators of cytokinin signaling. 
Cytokinin regulates many aspects of plant growth and devel-
opment (Wan et al. 2011). Glyma.06G186400 is involved in 
the synthesis of mannose-1-phosphate guanylyltransferase, 
which is essential to the integrity of cell wall, morphogenesis 
and vitality, and may be related to plant stem growth 
(Lukowitz et al. 2001). 

According to RT-qPCR results, the expression levels of six 
candidate genes (Glyma.05G066200, Glyma.06G306300, 
Glyma.16G143600, Glyma.18G045100, Glyma.06G185500 
and Glyma.06G186400) were higher in Dongnong L13 than 
in Heihe 36, and the positive regulation of plant height 
was consistent with the functional information of the 
genes. Glyma.06G187000 could regulate cytokinin through 
negative feedback. The differences in expression levels 
between parents were not statistically significant from R1 to 
Day 20, whereas expression levels were significantly higher 
in Dongnong L13 than Heihe 36 at Day 30, which indicated 
that Glyma.06G187000 may not have a direct effect on 
plant height. Glyma.18G044400 may not have a key effect 
on plant height because no significant difference was 
observed in expression level between the two parents. These 
results could provide preliminary evidence for the potential 
role of these genes in plant height. 

Conclusions 

By linkage analysis and association analysis, 16 plant height 
QTLs were repeatedly detected in multiple environments in 
the RIL3613 population and 62 plant height QTNs were 
detected in the germplasm panel. Six candidate genes were 
identified that might affect plant height. These results will 
benefit future studies on the genetic basis of soybean plant 
height and promote MAS for breeding ideal plant shape. 

Supplementary material 

Supplementary material is available online. 
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