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Abstract: Total soluble sugar (TSS) is an important component in vegetable soybean seeds during
the R6 stage and greatly impacts fresh soybean flavor. Increasing the TSS content is thus one of the
most important breeding objectives for the creation of high-quality vegetable soybean germplasm.
To better understand the genetic basis of the TSS at the R6 stage, we investigated 264 germplasm
accessions in two environments. We obtained five associations with 27 significant SNPs using GWAS.
The significant SNPs S15_10810881–S15_10843821 and S06_12044239–S06_12048607 were identified in
both environments. We then conducted candidate gene analysis and uncovered nine candidate genes
as potential regulators of TSS content in vegetable soybean seeds using RT-PCR. These genes may
be involved in the regulation of soluble sugar content in soybean seeds. This study provides new
knowledge for the understanding of the genetic basis of TSS at the R6 stage and will help improve
regulation of TSS in vegetable soybean using molecular breeding.

Keywords: total soluble sugar; GWAS; vegetable soybean; R6 stage

1. Introduction

Soybean (Glycine max (L.) Merrill) is one of the most important economic crops world-
wide. Vegetable soybean is a special kind of soybean that is usually harvested at the R6-R7
stage when full seeds and green pods are available for consumption [1]. In addition to
protein, fat, vitamins, and minerals, fresh seeds at the R6 stage are rich in sugars (soluble
sugar, starch, and other types), providing substantial nutritional supplementation to the
human diet [2]. Fresh seeds at the R6 stage are rich in sugars (soluble sugar, starch, and
other types) that make vegetable soybean one of the most favorable vegetables for human
consumption. Soluble sugar strongly influences fresh seed organoleptic quality and is the
key factor involved in the development of fresh and sweet flavors [3]. Unlike grain soybean,
for which protein and oil are the ultimate breeding goal, soluble sugar is a more vital trait
for fresh vegetable soybean seeds. The amount of carbohydrate in soybean seeds accounts
for approximately 35% of the dry matter present in the seeds, and about 47% of the total
carbohydrate content is composed of soluble sugar [4].

Soluble sugar content is a complex quality trait that is controlled by multiple genes
and influenced by distinct environmental factors [5]. In soybean, linkage mapping and
genome-wide association studies (GWAS) have been efficiently used as precise tools to
uncover the genetic basis of quality traits [6]. At present, a large number of QTLs associated
with flowering stage, maturity stage, plant height, number of main stem nodes, 100-
grain weight, protein content, fat content, and stress resistance have been reported in
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soybean plants [7–11]. These studies have demonstrated that linkage mapping is an efficient
approach for revealing the genetic architecture underlying complex quantitative traits.
Linkage mapping consists of the construction of cross-populations such as recombinant
inbred lines (RIL), backcross inbred lines (BIL), and near-isogenic lines (NIL), which is time
consuming and labor intensive [12].

GWAS, or linkage disequilibrium (LD) mapping, is an effective methodology for
identifying the relationship between a group of traits of interest and genetic markers or
candidate genes [13,14]. In contrast to QTL mapping, GWAS offers a more efficient strategy
that saves time and labor. Importantly, GWAS utilizes natural populations with higher
amounts of genetic variation that enable the identification of genetic markers without the
need to construct a genetic population [12]. GWAS has been widely used in soybean [15–17],
but only a few studies investigated the amount of soluble sugar using this approach [18],
which resulted in the identification of a set of associated markers distributed across the
different soybean chromosomes.

In our previous study, we re-sequenced soybean accessions (≥12× depth) and identi-
fied 2,597,425 SNPs [19]. Here, we performed a genome-wide association study to dissect
the genetic architecture of soluble sugar at the R6 growing stage in vegetable soybean
seeds. This strategy allowed us to identify a total of five associations with 27 significant
SNPs[−log10(p) > 5.5] in two environments, of which two peak SNPs were located on
Chr.06 and two were located on Chr.15. Furthermore, based on gene annotation of the
reference genome and quantitative real-time PCR analysis (RT-PCR), we selected nine
candidate genes associated with the amount of soluble sugar at the R6 stage. These results
provided helpful insights into the breeding quality of vegetable soybean.

2. Materials and Methods
2.1. Plant Materials and Experimental Conditions

A total of 264 germplasm accessions from China, including 52 landraces and 212 improved
cultivars, were selected to construct an association mapping panel [19]. All materials
were planted in Nanjing City, in the Jiangsu Province in the summers of 2019 and 2020.
The experiment followed a randomized complete block design with a three-row plot and
three replications. For description purposes, the two environments 2019 Nanjing and 2020
Nanjing were designated as E1 and E2, respectively. Samples from fresh vegetable soybean
seeds were collected at the R6 stage, immediately transferred to liquid nitrogen, and finally
stored at −80 ◦C to enable the determination of the amount of soluble sugar present and
RNA extraction.

2.2. The Total of Soluble Sugar Measurement in Vegetable Soybean Fresh Seeds

For soluble sugar measurements, 50 fresh pods at the R6 stage were harvested and
stored at 105 ◦C in an oven for 30 min, dried at 80 ◦C, and then ground. Each sample was
taken from more than ten different plants and mixed as a biological replicate. A total of
three biological replicates were taken. The content of soluble sugar in soybean seeds was
determined by anthrone colorimetry [20].

2.3. Genome-Wide Association Study (GWAS) Analysis

SNP data from our previous study were used for a genome-wide association study of
soluble sugar content in vegetable soybean [19]. This panel consisted of 2,597,425 SNPs
(MAF > 0.5). For the GWAS, the package ‘Genomic Association and Prediction Integrated
Tool (GAPIT)’ in R software was used which calculates the population structure and kinship
automatically along with the GWAS running [21,22]. Manhattan plots and QQ plots were
generated using R package ‘CMplot’ [23].

Total soluble sugar is a complex quantitative trait regulated by different loci. In the
present study, the threshold was set as −log10(p) > 5.5 to detect more SNPs associated with
TSS, to better understand the mechanism of TSS in soybean. In addition, it is a common
and effective strategy to set the threshold lower than −log10(1/n, n as the number of SNP
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from the natural population re-sequencing) for revealing genetic bases of target traits in the
previous studies [24,25]. Based on our previous work [19], the linkage disequilibrium (LD)
decay rate of these 264 soybeans was 120 kb and the LD heatmaps with surrounding peaks
in the GWAS results were visualized using the R package of ‘LDheatmap’ [26].

2.4. Survey of Candidate Genes

We identified potential candidate genes responsible for the total soluble sugar in
fresh vegetable soybean seeds by focusing on genes in the LD decay distance upstream
and downstream within 120 kb intervals of peak SNPs (the most significant SNPs with
a maximum of −log10(p)-values). The functional annotation of soybean genes in the
candidate regions were obtained from the SoyBase database (http://www.soybase.org/,
accessed on 20 September 2021). We used soybean reference genome version Wm82.a2.v1.

2.5. RT-PCR for Candidate Genes

The total RNA in different development stages of soybean seeds was extracted using a
TIANGEN kit (Beijing, China). A 1% agarose gel was used to check for contamination and
degradation of RNA. Three biological replicates were included in each tissue. cDNA was
synthesized using a Takara (Tokyo, Japan) kit with reverse transcriptase. Gene expression
analysis using RT-PCR was performed on an ABI 7500 system (Applied Biosystems, Foster
City, CA, USA) with the SYBR Green Real-Time Master Mix (Toyobo). The data were
analyzed using an ABI 7500 real-time PCR System. The relative expression levels were
quantified against the Actin11 gene using the 2−∆∆CT method [27]. Three independent
biological replicates were implemented for each sample. The target candidate genes were
selected from the gene modules based on their intramodular gene significance, and the
annotation information from the soybean reference genome database (https://phytozome-
next.jgj.doe.gov/, accessed on 15 December 2021).

3. Results
3.1. Phenotypic Variation

A total of 264 germplasm accessions were planted in two consecutive years (2019 and
2020), and the total soluble sugar (TSS) was measured at the R6 developmental stage. In
this study, the TSS values ranged from 0.76% to 13.99%, and 0.58% to 13.62%, in E1 and E2.
The soluble sugar of fresh seeds exhibited a continuous distribution (Figure 1; Table S1)
and was quantitatively inherited. The mean TSS of E1 and E2 accessions were 5.68% and
5.71%, respectively.
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3.2. GWAS for the Total Soluble Sugar

We conducted a GWAS on the soluble sugar based on 2,597,425 SNPs using a mixed lin-
ear model (MLM). Manhattan and quantile-quantile plots for the GWAS results are shown
in Figure 2. This analysis allowed us to identify a total of five associations (−log10(p) > 5.5)
with 27 significant SNPs for TSS content. These five loci were located on Chr.05 (1 SNP),
06 (16 SNPs), 13 (2 SNPs), 14 (1 SNP), and 15 (7 SNPs) (Figure 2; Table 1). These results
demonstrate that soluble sugar content in fresh vegetable soybean seeds is controlled by
multiple genes. A single SNP explained between 8.70% and 18.77% of the observed pheno-
typic variation (Table 1). As shown, significant SNPs associated with TSS were mainly on
Chr.06 and Chr.15 (Figure 3a,c) and exhibited strong linkage disequilibrium (Figure 3b,d).
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total soluble sugar in 2019; b E2: total soluble sugar in 2020. The red line indicates the significance
threshold (−log10(p) = 5.5) (color figure online).

Moreover, we found two peak SNPs located on Chr.15 (positions 10810881 and
10843821) and another two on Chr.06 (positions 12044239 and 12048607), in the two environ-
ments (Figure 2; Table 1). Annotation analysis showed that these SNPs were synonymous
variation without amino acid change. Among the cultivars and landraces used in this
study, we observed that soybean accessions carrying the SNP S06_12048607-A allele exhib-
ited a significantly higher average of TSS than those carrying the S06_12048607-G allele,
and the SNP S06_ 12044239 was just contrary (Figure 4a,b). Soybean accessions carrying
the SNP S15_10843821-A allele and SNP S15_10810881-T allele exhibited a significantly
higher average of TSS than those carrying the S15_10843821-G allele and S15_10810881-G
allele (Figure 4c,d), indicating these regions are critical for the total soluble sugar at the R6
developmental stage in vegetable soybean seeds.
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Table 1. SNPs significantly associated with total soluble sugar in two years based on GWAS.

Year Chr. SNP ID Position (bp) p-Value R2

2019

6 S06_12048607 12048607 4.86 × 10−7 0.156
6 S06_12049391 12049391 2.06 × 10−6 0.156
6 S06_12049420 12049420 1.10 × 10−6 0.154
6 S06_12060255 12060255 2.06 × 10−6 0.156
6 S06_12060477 12060477 2.02 × 10−6 0.158
6 S06_12060545 12060545 2.06 × 10−6 0.156
15 S15_10796464 10796464 1.90 × 10−6 0.112
15 S15_10801915 10801915 1.17 × 10−6 0.110
15 S15_10810881 10810881 8.21 × 10−7 0.112

2020

5 S05_2722069 2722069 1.46 × 10−6 0.168
6 S06_12044204 12044204 1.97 × 10−6 0.158
6 S06_12044233 12044233 1.06 × 10−6 0.156
6 S06_12044239 12044239 4.71 × 10−7 0.158
6 S06_12044278 12044278 2.56 × 10−6 0.156
6 S06_12045115 12045115 2.34 × 10−6 0.121
6 S06_12045118 12045118 2.34 × 10−6 0.121
6 S06_12055116 12055116 1.97 × 10−6 0.158
6 S06_12055338 12055338 1.88 × 10−6 0.160
6 S06_12055406 12055406 1.97 × 10−6 0.158
6 S06_47846602 47846602 2.19 × 10−6 0.133
13 S13_4260712 4260712 1.69 × 10−6 0.136
13 S13_13999262 13999262 2.48 × 10−6 0.188
14 S14_47665362 47665362 7.82 × 10−7 0.087
15 S15_10819276 10819276 2.64 × 10−6 0.109
15 S15_10828362 10828362 1.90 × 10−6 0.111
15 S15_10843821 10843821 1.43 × 10−7 0.111
15 S15_11110657 11110657 3.01 × 10−6 0.162

R2: phenotypic variation explained.

3.3. Identification of Candidate Genes

We found that the peak SNPs S15_10810881 and S15_10843821 were located 30 kb apart
from each other, while S06_12044239 and S06_12048607 distanced 50 kb from each other
(Table 1). According to gene annotation, we identified 26 and 25 candidate genes near these
regions on Chr.06 and Chr.15, respectively (Tables S2 and S3). To confirm which genes are
associated with fresh seed soluble sugar, we performed a RT-PCR analysis to investigate the
expression of these genes in soybean accessions that differed significantly in total soluble
sugar (NPS004 and NPS251 with low TSS content, NPS040 and NPS096 with high TSS
content). The results demonstrated that the expression of 10 genes on Chr.06 and 12 genes
on Chr.15 were below the detection level, while 18 genes did not change significantly
(Figure 5). However, seven (on Chr.06) and four (on Chr.15) genes showed a significant
difference at R6 stage in soybean accessions (Figure 5). Based on the expression levels in
soybean accessions with significantly different total soluble sugar, we found that the genes
Glyma.06g146500, Glyma.06g147600, Glyma.06g148300, Glyma.06g148600, Glyma.06g148700,
Glyma.06g148800, Glyma.06g148900, Glyma.15g133700, Glyma.15g134400, Glyma.15g135100,
and Glyma.15g135200 were significantly different (Table S4). To further confirm which
genes were associated with the total soluble sugar, RT-PCR were taken to analyze the
relative expression of these genes from 14 days after flowering (DAF) to 28 DAF. As shown,
expression levels were significantly different for most genes between 14 DAF and 28 DAF
except Glyma.06g147600 and Glyma.06g148900. Finally, the expression levels of the gene
Glyma.15g135200 increased while that of other genes decreased between 14 and 28 DAF
(Figure 6; Table S5).
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Figure 3. LD analysis between significant SNPs on chromosome 6 and chromosome 15. (a) Significant
GWAS signal for the total soluble sugar on chromosome 6. (b) Pairwise LD analysis between
significant SNPs on chromosome 6. (c) Significant GWAS signal for the total soluble sugar on
chromosome 15. (d) Pairwise LD analysis between significant SNPs on chromosome 15. The LD plot
is represented by the inverted triangle. The LD level between SNPs was indexed by the R2 value.
* on chromosome 6 indicates the position of S06_12044239 and S06_12048607 in (b). * on chromosome
15 indicates the position of S15_10810881 and S15_10843821 in (d).
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S15_10180881. n, the number of soybean accessions. *, p < 0.05.
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According to gene annotation in the soybean reference genome (Wm82.a2.v1), we iden-
tified the homologous genes of nine candidate genes, specifically AT2G21950, AT5G09900,
AT1G43130, AT5G09880, AT1G76010, AT5G11720, AT1G30690, AT1G49950, and AT1G30690
(Table 2). These nine genes showed a significant difference in expression during the devel-
opment of soybean seeds (Figure 6; Table S5).
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Table 2. Candidate genes for the total soluble sugar.

Chr. Start (bp) End
(bp)

Candidate
Gene ID

Homologous
Gene ID Function Annotation

6 12044239 12048607

Glyma.06g146500 AT2G21950 SKP1 interacting partner 6 (SKIP6)

Glyma.06g148300 AT5G09900
26S proteasome regulatory subunit,

putative(RPN5)
(EMB2107,MSA,RPN5A)

Glyma.06g148600 AT1G43130 Like COV 2
Glyma.06g148700 AT5G09880 Splicing factor, CC1-like
Glyma.06g148800 AT1G76010 Alba DNA/RNA-binding protein

15 10810881 10843821

Glyma.15g133700 AT5G11720 Glycosyl hydrolases family 31 protein

Glyma.15g134400 AT1G30690 Sec14p-like phosphatidylinositol
transfer family protein

Glyma.15g135100 AT1G49950 Telomere repeat binding factor 1
(ATTRB1,TRB1)

Glyma.15g135200 AT5G11720 Glycosyl hydrolases family 31 protein

4. Discussion

The amount of total soluble sugar is one of the most important indexes influencing
the taste of fresh vegetable soybean seed [28]. Currently, the development of seed cultivars
with high amounts of soluble sugar is one of the most challenging tasks in vegetable
soybean improvement. Accordingly, it is essential to identify the genes governing this
trait in soybean to improve vegetable soybean quality. In our phenotype dataset, the
large phenotype variations observed within soluble sugar allowed us to identify the genes
with the largest effects (Figure 1). The soluble sugar of fresh seeds exhibited a normal
distribution and varied from 0.58% to 13.99%, which is similar to previous studies [29–31].

Fresh vegetable soybean seed soluble sugar is a complex quantitative trait governed
by multiple genetic loci, each displaying minor effects. These minor effects are extremely
difficult to disentangle due to different environmental factors. Several soybean sugar-
related trait loci have been reported in different independent studies [32]. Here, we
performed GWAS analysis on the amount of total soluble sugar at the R6 developmental
stage. Using a natural population with abundant genetic variation, we identified a total of
five significant soluble sugar-related associations involving 27 SNPs on Chr.05, 06, 13, 14,
and 15, and explained 8.70% to 18.77% of phenotypic variation (Table 1). On Chr.06 and 15,
four significant SNPs with close physical positions were located in different environments,
indicating that these SNPs are essential for determining the amount of soluble sugar
(Table 1). The SNPs S06_12044239 and S06_12048607 overlap with four previously reported
QTLs located in seed protein 34-2, seed coat cracking 3-4, seed glycitein 13-8, and node
number 5-1 [33,34]. The variants S15_10810881 and S15_10843821 are described here for
the first time.

A total of five potential candidate genes were associated with the total soluble sugar
at the R6 stage within the candidate regions of two large-effect SNP markers on Chr.06
(Figure 2; Table 1). On Chr.06, the gene Glyma.06g146500 is homologous to AT2G21950,
which encodes a SKP1 interacting partner 6. AtSKIP participates in cytokinin-regulated
leaf initiation and several other physiological processes, including flowering, cell cycle reg-
ulation, photomorphogenesis, and stress tolerance in Arabidopsis [35,36]. Glyma.06g148300
encodes one of two isoforms for the 26S proteasome regulatory protein (RN) subunit RPN5
and acts redundantly but independently of the paralogous gene RPN5b. Book (2009)
showed that the gene pair encoding the regulatory particle non-ATPase subunit (RPN5) has
a unique role in proteasome function and Arabidopsis development [37]. In common bean,
RPN5 was found to be the most potential strain for ACC deaminase activity and solubi-
lization of various inorganic and organic phosphates and strongly inhibited the growth of
plant pathogenic fungi [38]. Glyma.06g148600 encodes an LCV2-likeCOV2 protein located
in the Golgi apparatus [39], Glyma.06g148700 is a splicing factor encoding CC1-like protein,
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and Glyma.06g148800 encodes an Alba DNA/RNA-binding protein. The Alba proteins
participate in a variety of regulatory pathways by controlling developmental gene expres-
sion, and interact with ribosomal subunits, translation factors, and other RNA-binding
proteins [40].

There were four potential candidate genes associated with the total soluble sugar
at the R6 stage within the candidate regions of two large-effect SNP markers on Chr.15
(Figure 2; Table 1). On Chr.15, Glyma.15g133700 encodes for a Glycosyl hydrolases family
31 protein (AGLU1). In Oryza sativa, AGLU1 is essential for the resistance of antifungal
diseases, which can further enhance antibacterial activity in synergy with RCH10 [41].
Glyma.15g134400 is homologous to AT1G30690, which encodes a Sec14p-like phosphatidyli-
nositol transfer family protein (PITPs). PITPs can mobilize PI from the ER to provide the
substrate to the resident kinases for phosphorylation [42]. Glyma.15g135100 encodes telom-
ere repeat binding factor 1 (TRB1), which is a protein from a single-myb-histone (SMH)
family [43]. In apple, MdTRB1 acted as a positive modulator of anthocyanin and proan-
thocyanidin accumulation, and interacted with MdMYB9, which modulates JA-mediated
accumulation of anthocyanin and proanthocyanidin [44]. The gene Glyma.15g135200 is ho-
mologous to AT2G32440, which encodes ent-kaurenoic acid hydroxylase 2 (AtKAO2) [45].
In Arabidopsis, AtKAO2 is related to the gibberellin biosynthetic gene, which is part of
a class of cytochrome P450 mono-oxygenases belonging to the sub-family CYP88A, that
catalyze the conversion of ent-kaurenoic acid (KA) to gibberellin (GA) GA12 (the precursor
of all Gas) [46]. The expression levels of nine genes either showed a significant increase
or decrease in the early stage of soybean seed development (14–28 days). The combined
results suggest these genes are potential candidates to participate in the regulation of
vegetable soybean seed development and thus influence the amount of total soluble sugar
content present at R6 developmental stage seed.
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