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Abstract

Background:Soybean is a globally important legume crop that provides a primary source of high-quality vegetable
protein and oil. Seed protein content (SPC) is a valuable quality trait controlled by multiple genes in soybean.

Results:In this study, we performed quantitative trait loci (QTL) mapping, QTL-seq, and RNA sequencing (RNA-seq) to
reveal the genes controlling protein content in the soybean by using the high protein content variety Nanxiadou 25. A
total of 50 QTL for SPC distributed on 14 chromosomes except chromosomes 4, 12, 14, 17, 18, and 19 were identified
by QTL mapping using 178 recombinant inbred lines (RILs). Among these QTL, the major QTL qSPC_20–1 and qSPC_
20–2 on chromosome 20 were repeatedly detected across six tested environments, corresponding to the location of
the major QTL detected using whole-genome sequencing-based QTL-seq. 329 candidate DEGs were obtained within
the QTL region of qSPC_20–1 and qSPC_20–2 via gene expression profile analysis. Nine of which were associated with
SPC, potentially representing candidate genes. Clone sequencing results showed that different single nucleotide
polymorphisms (SNPs) and indels between high and low protein genotypes inGlyma.20G088000andGlyma.16G066600
may be the cause of changes in this trait.

Conclusions:These results provide the basis for research on candidate genes and marker-assisted selection (MAS) in
soybean breeding for seed protein content.
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Background
With an average composition of approximately 40% pro-
tein, soybean (G. max (L.) Merr.) is the most important
source of vegetable protein, accounting for 71% of diet-
ary consumption and this proportion is still rising year
by year [1]. There is a wide variation of seed protein
content (SPC) in soybean. According to the database of
soybean germplasm resources of USDA (https://
npgsweb.ars-grin.gov/), the SPC of cultivated soybean is

31.7–57.9%, and that of wild soybean is 35.5–56.9%, sug-
gesting that there is great potential for genetic improve-
ment of soybean SPC. While increasing SPC of soybean
cultivars has been a major objective of many soybean
breeding programs for decades, the strong negative cor-
relations of SPC with seed oil content and seed yield im-
prove three traits simultaneously a challenging task
using conventional breeding [2–4]. Most of the soybean
grown worldwide is commodity soybean for which
farmers are paid by weight and not a composition. Con-
sequently, in cultivar development, breeders generally
select for the best seed yield potential with little atten-
tion to seed protein or oil content [5]. Therefore, high
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yield or high oil content is generally pursued in large-
scale soybean varieties. There are few large-scale soy-
bean varieties with high protein content, and even fewer
varieties with protein content more than 50%. Consider-
ing people’s demand for vegetable protein and the eco-
nomic benefits of farmers, identification of molecular
markers associated with quantitative trait loci (QTL)
controlling seed yield, seed protein, and oil content is a
necessary prerequisite for breaking the negative correla-
tions between these traits.

Classical quantitative genetic analysis shows that SPC of
soybean is a quantitative character with additive effect and
governed by multiple genetic loci subject to genotype×en-
vironment interactions [4, 6–8]. Linkage analysis is a use-
ful approach for dissecting complex traits at the molecular
genetics level in plants. Since Diers et al. (1992) first used
linkage analysis to discover a major QTL connected to
soybean protein and oil content on the chromosome
(Chr.) 20 [9], a large number of QTL related to SPC have
been reported in succession. Before this study, 241 QTL
loci with SPC have been recorded in the soybase database
(http://soybase.org/), involving every chromosome in the
biparental population. Furthermore, genome-wide associ-
ation studies (GWAS) have been widely used in soybean
complex traits studies, including SPC [5, 10–15]. The Soy-
base website has listed 62 QTL linked to protein content
collected from 2015 to 2018, involving every chromosome
in the natural population. Although a large number of
soybean protein content related QTL were detected on
each chromosome, most of them were not detected fre-
quently, and only 57 of these QTL were verified [16]. The
summary results showed that no matter linkage analysis
or GWAS, the frequency of QTL related to protein con-
tent was the highest on chromosome 20 (linkage group I,
LG I), followed by chromosome 15 (linkage group E, LG
E). Many candidate genes were analyzed in the confidence
intervals of these QTL, especially on chromosome 20.
Bolon et al. (2010) found that 13 genes displaying signifi-
cant seed transcript accumulation differences between
NILs were identified that mapped to the 8.4 Mbp QTL re-
gion on LG I by AffymetrixÂ® Soy GeneChip and high-
throughput IlluminaÂ® whole transcriptome sequencing
platforms [17]. Hwang et al. (2014) further reduced the
QTL interval to 2.4 Mbp through association analysis [4].
In this region, the number of candidate genes was reduced
to six (Glyma20g19680, Glyma20g21030, Glyma20g21080,
and three unrelated genes). The above candidate genes
have a certain distance in the physical map, but if these
gene development markers are used for genetic analysis,
the distance in the genetic map may be very close. There-
fore, there may be very important candidate genes in this
region to be further verified.

Bulked segregant analysis (BSA) is a simple and rapid
method for target gene mapping [18]. According to

different group materials and experimental designs, BSA
can be divided into the following types: (1) QTL-seq is
suitable for quality traits and quantitative traits with sig-
nificant major genes [19]; (2) MutMap is suitable for
mutant lines analysis [20]; (3) Mutmap (also called Mut-
Map+) is suitable for early lethal or non-heterozygous
mutants [21]; (4) Mutmap-gap is suitable for traits
whose target gene is not on the reference genome of
species [22]. In recent years, BSA has been widely used
in the genetic mapping of important traits, such asA.
thaliana [23, 24], rice [19, 20], and maize [25]. The map-
ping method based on BSA has also been widely used in
soybean related traits study, including plant height [26,
27], flowering time [28], phytophthora resistance [29],
and cotyledon color of seed [30]. Compared to trad-
itional QTL mapping methods, BSA only requires con-
sideration of a few extreme individuals in the population
rather than the entire population, simplifying the se-
quencing process and significantly reducing the cost of
sequencing and analysis [31]. With the development of
DNA sequencing technology, next-generation sequen-
cing (NGS)-based BSA approaches dramatically acceler-
ated and improved the identification process of causal
genes [32].

Nanxiadou 25 bred from offspring of60Co� radiation-
induced mutation of Rongxiandongdou through several
years’pedigree selections, is a high protein soybean var-
iety widely cultivated in southwest China. The SPC of
the variety is 50.1%, which has good shading tolerance,
strong lodging tolerance, resistance to Soybean Mosaic
Virus Strain SC3 and SC7, and other excellent character-
istics, and is suitable for intercropping with maize. In
this study, we used a mapping population developed
from a cross between‘Nanxiadou 25’ and ‘Tongdou 11’
and an F2 segregant population developed from a cross
between‘Nanxiadou 25’ and ‘Rongxiandongdou’. In this
study, we combined QTL mapping, QTL-seq, whole-
genome resequencing (WGRS), and RNA-seq to analyze
the QTL and candidate genes of soybean protein con-
tent, in order to widen the genetic base in soybean to-
wards crop improvement. The objectives of this study
were to identify stable QTL for SPC and to mining po-
tential candidate genes located within associated gen-
omic regions, and to develop corresponding molecular
markers, which ultimately may be used to facilitate the
development of high-protein soybean lines using
marker-assisted selection (MAS).

Results
Phenotypic characteristics of SPC
The distribution of the SPC in the RIL and F2 popula-
tion is shown in TableS1and Fig.1. In the RIL popula-
tion, SPC varied continuously, and transgressive
segregation was observed. The SPC of high-protein
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parent ‘Nanxiadou 25’ was consistently higher than
that of ‘Tongdou 11’ in two tested locations for
3 years. On average,‘Nanxiadou 25’ had a 7.18%
higher SPC than that of‘Tongdou 11’. Additionally,
the SPC of the RIL population in NC is higher than
that in LS. The coefficient of variation (CV) of SPC
in RILs ranged from 3.02 to 4.61, and the generalized
heritability was as high as 86.68%. The phenotypic
data of approximate normal distribution indicated
that the mapping population was suitable for QTL
analysis. Two-way ANOVA was performed of SPC by
SPSS 20.0 software for the RILs population, the geno-
type (G), environment (E), and genotype by environ-
ment interaction (G × E) exhibited significant effects
on SPC (p < 0.001). For the F2 population, the results
showed that the frequency of SPC was approximately
normally distributed and the tremendous transgressive
segregation for SPC was observed. The high-protein
parent ‘Nanxiadou 25’ had a 9.33% higher of SPC
than the wild type ‘Rongxiandongdou’.

Genetic map and QTL analysis of SPC
A total of 28,364 SNP markers from the 50 K array
showed polymorphisms between the mapping parents
‘Nanxiadou 25’ and ‘Tongdou 11’. SNPs with severe seg-
regation distortion (x2 test, p < 0.05) were removed
through Joinmap 4.0. Among these, 16,546 homologous
SNP markers showing the expected segregation 1:1 ratio
in the RIL population were used for genetic linkage ana-
lysis and linkage map construction using the MPR
method (Fig.2a). The R/qtl software package was used
to draw high-density genetic map (Fig.2b). The final
map included 2072 bins covering 1945.09 cM and
spanned 20 linkage groups (LGs) with an average dis-
tance of 0.94 cM between adjacent bins. There was an
average of 104 bins on each LG, ranging from 17 (on
Gm18) to 232 (on Gm03) (TableS2and S3).

Using the genetic map, 50 QTL were mapped on 14
chromosomes except for Chr. 4, 12, 14, 17, 18, and 19
(Fig. S1). These QTL explained 1.21–17.50% of the
phenotypic variation for SPC with an average of 63.16%

Fig. 1 Frequency distribution of SPC among RILs and F2 population along with two parents. (a-c) Represents the distribution of SPC of RILs population
in the environment of 2017LS, 2017NC, 2018LS, 2018NC, 2019LS, and 2019NC, respectively; (d) Represent the distribution of SPC among 2097 F2 plants
in the environments of 2019NC. Green and red bars represent LP-bulk and HP-bulk lines, respectively
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