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Abstract

Annual wild soybean is characterized by a high protein content. To elucidate the genetic
basis, this study utilized a chromosome segment substitution line population (177 lines)
constructed with cultivated soybean NN1138-2 as the recipient and wild soybean N24852
as the donor. Phenotypic analyses across three environments revealed significant variation
in protein content ranging from 42.86% to 49.08%, with a high heritability of 0.70, indi-
cating strong genetic control. Through high-throughput sequencing, six wild segments
associated with high protein content were detected on chromosomes 3, 6, 9, 15, and 20,
with phenotypic variation explained (PVE) by individual segments ranged from 3.58%
to 22.46%, with segments on chromosomes 9, 15, and 20 as large-effect segments with
PVE > 10%. All wild segments exhibited positive additive effects (0.42-1.09%), consis-
tent with the characteristic of a high protein content in wild soybean. Compared with
previous studies, five segments overlapped with reported loci, while gPr06.1 on chromo-
some 6 was a novel discovery. Integration of genomic and transcriptomic data identified
10 genes involved in nucleic acid binding, transmembrane protein transport, and amino
acid synthesis pathway, with homologs validated in soybean, rice, and rapeseed. This
research deepens the understanding of wild soybean’s high protein and offers new gene
resources for breeding high-protein cultivated soybean.

Keywords: wild soybean; chromosome segment substitution line; protein content; QTL;
candidate gene

1. Introduction

Soybean (Glycine max) is an important food and economic crop. Its seed protein content
is approximately 40%, about 4-5 times that of other cereals such as wheat and corn, ac-
counting for over 50% of the global plant protein supply [1]. Annual wild soybean (Glycine
soja) is the wild ancestor of cultivated soybean and possesses the typical characteristic of
a high protein content. Therefore, clarifying the genetic basis of the high protein content
of Glycine soja is of great significance for improving cultivated soybeans [2]. However,
when utilizing Glycine soja, the hybrid offspring often exhibit “linkage drag”, where the
introduction of high-protein genes is accompanied by undesirable traits such as vining
growth and small seeds, leading to low breeding utilization efficiency of superior wild
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genes [3]. Therefore, deciphering the genetic basis of the high protein content in Glycine
soja and developing molecular markers tightly linked to high protein content are the core
prerequisites for breaking the “favorable gene—unfavorable trait” linkage and achieving
efficient utilization of wild resources.

Soybean protein content is a complex quantitative trait controlled by multiple
genes/QTL (quantitative trait loci) and is easily influenced by the environment [4]. The
methods of evaluating soybean protein content mainly include the Kjeldahl nitrogen de-
termination method and near-infrared spectroscopy [5]. The former has issues such as
complex operation and long detection time, while the latter, although convenient and
fast, has problems like high model requirements and low detection sensitivity. In recent
years, with the rapid development of DNA molecular marker technology, many QTL for
soybean protein content have been identified, enabling the possibility of marker-assisted
selection. Up to 2025, the database of Soybase (http://www.soybase.org) has recorded
255 QTL related to soybean seed protein content, covering all 20 soybean chromosomes,
but only 30 of these QTL were derived in Glycine soja [6—10], accounting for less than 12%
of the total. Furthermore, these QTL were mostly mapped based on segregating popu-
lations like recombinant inbred lines and F;, which suffer from genetic complexity and
high false positives, resulting in mapping data which are difficult to directly utilize in
molecular breeding.

Chromosome segment substitution lines (CSSLs) are ideal materials for QTL identi-
fication, fine mapping, map-based cloning, and QTL interaction studies, and have been
successfully applied in plants such as rice and tomato [11-15]. To explore the favorable
alleles deposited in the wild soybean, our research group, using the elite variety Nannong
1138-2 (NN1138-2) as the recipient and wild soybean N24852 as the donor, firstly con-
structed a chromosome segment substitution line (CSSL) population SojaCSSLP1 covering
the entire genome of wild soybean through two to five backcrosses, more than two selfings,
and marker-assisted selection over two generations. We elucidated the genetic basis of
flowering time, plant height, number of nodes on the main stem, 100-seed weight, protein
content, and oil content based on low-density molecular markers [16-18], fine-mapped
an oil content locus on chromosome 15 [17] and a plant height locus on chromosome
13 [19], and cloned the key oil-related gene GmSWEET39 [20]. Based on the SojaCSSLP1,
we further developed an improved CSSL population SojaCSSLP5 composed of 177 lines,
2,567,426 single nucleotide polymorphisms (SNPs), and we constructed 1366 SNP linkage
disequilibrium block (SNPLDB) markers [21]. The development of these high-density
molecular markers has laid a foundation for in-depth analysis of the molecular mechanisms
of the protein content underlying the wild soybean.

The regulation mechanism of soybean protein content is closely related to biological
processes such as lipid metabolism, carbon—nitrogen allocation, and seed development.
A competitive relationship exits in the allocation of carbon sources between pathways
synthesizing proteins and lipids, and this balance is determined by a regulatory net-
work composed of multiple key genes, such as phosphoenolpyruvate carboxylase (PEPC)
and stearoyl-ACP desaturase (GmSACPD). The former is a key enzyme linking sugar
metabolism with amino acid synthesis, and its activity positively regulates protein content.
The latter is a key enzyme in lipid synthesis, and its loss of function redirects carbon flux to-
ward protein synthesis, leading to increased protein content and decreased oil content [22].
Transcriptional regulators include the transcription factors POWRI and the GmDof family.
The former has been identified as a core regulatory switch, and its overexpression can
significantly increase protein content, often at the expense of reduced oil content and seed
size [23]. The GmDof family transcription factors play an important role in the protein-lipid
balance by activating lipid synthesis genes and suppressing protein synthesis genes [24].
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Nutrient transport proteins, such as the GmSWEET family genes (e.g., GmSWEET10a/b), are
responsible for transporting photosynthetic products (e.g., sucrose) from the seed coat to
the embryo. Their expression levels directly determine the supply of “raw materials” for
seed filling and have pleiotropic effects on seed size, oil content, and protein content [25].

In summary, in the present study, we used the SojaCSSLP5 population as material,
through phenotypic evaluation in three environments and linkage analysis with high-
density markers, aiming to accurately identify the chromosome segments in wild soybean
that regulate high protein content and clarify their genetic effects and environmental
stability and screen candidate genes for high protein content by integrating whole-genome
resequencing data of both parents and transcriptome data from multiple tissues (leaves,
flowers, seeds at different developmental stages, and pods). The results will provide
materials for fine mapping and functional studies of related loci and offer a molecular basis
for high-protein soybean breeding.

2. Materials and Methods
2.1. Plant Materials

The materials used in this study included cultivated soybean NN1138-2, wild soybean
N24852, and the derived wild soybean CSSL population SojaCSSLP5 containing 177 lines.
NN1138-2 belongs to maturity group V and is a key parent in Southern China soybean
breeding, with a seed protein content of approximately 44.15%. N24852 belongs to MG
III, with a seed protein content of about 46.20%. The SojaCSSLP5 was constructed using
NN1138-2 as the recipient and wild soybean N24852 as the donor through continuous
backcrossing and marker-assisted selection. The methodology for population construction
and genotyping results was published in 2021 [21]. Whole-genome resequencing of SojaC-
SSLP5 at ~3.04x was performed, producing 2,567,426 SNPs and 1366 SNPLDB markers.
According to SNPLDB marker analysis, each line carries 1-24 wild segments, and the wild
segments carried by the population cover 99.74% of the wild soybean genome [21].

2.2. Field Experiment Design

The So0jaCSSLP5, along with its two parents, was planted in a complete randomized
block design experiment with three replications, one row per plot, 1 m in length, 10 plants
per row, and 0.5 m of row space at Jiangpu Experiment Station (Nanjing, China) in 2016 and
2017, and Dangtu Experiment Station (Maanshan, China) in 2018. The three environments
were coded as 2016JP, 2017]P, and 2018DT, respectively.

2.3. Measurement and Phenotypic Analysis of Protein Content

Soybean seed protein content was determined using near-infrared spectroscopy (NIRS)
with a FOSS Infratec™ 1255 NIR Grain Analyzer (Hillerod, Denmark). After harvest and
drying, approximately 50 g of seeds from each plot were used. Each sample was measured
three times, and the average value was taken as the phenotypic value of protein content.
Descriptive statistics and analysis of variance were performed using the GLM procedure in
SAS 9.4 (SAS/STAT software, SAS Institute Inc., Cary, NC, USA). Broad-sense heritability
(h?) was calculated as follows:

W= 0’(;2/((7(;2 + UGEZ/TI + agz/nr)

where 0?2 is the genetic variance, o g is the genotype-by-environment interaction variance,
7.2 is the error variance, 1 is the number of environments, and r is the number of replications
per environment.
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2.4. Identification of Wild Segments Associated with Protein Content

The stepwise regression based likelihood ratio test of additive QTL (RSTEP-LRT-ADD)
model in the IciMapping 4.0 software was used to detect wild segments associated with
protein content. This method is suitable for non-ideal CSSL populations. Its basic principle
is using stepwise regression analysis to select the chromosome segments that have the
greatest impact on the trait and the CSSLs carrying those segments, estimating the LOD
value for each segment using the likelihood ratio, and mapping the trait-related segments
based on the LOD threshold. QTL naming convention: q + trait abbreviation (capital letters)
+ chromosome number + QTL order number. The full QTL name is usually italicized, e.g.,
the third protein content QTL on chromosome 3 is denoted as qPro3.3.

2.5. Prediction of Candidate Genes for Seed Protein Content

To facilitate the prediction of candidate genes within the detected segments, our group
previously conducted whole-genome resequencing and transcriptome sequencing of eight
different tissues for both parents of the CSSL population, NN1138-2 and N24852. The
tissues for transcriptome sequencing included: leaf, flower, and seeds at 14, 21, 28, and
35 days after flowering (14 seed, 21 seed, 28 seed, 35 seed). The sequencing depth was
5%, without biological or technical replicates. Candidate genes were predicted by com-
paring sequence variations (especially non-synonymous SNPs) and expression differences
(>2-fold difference, particularly in late seed development stages) between the two parents,
combined with functional annotations from Soybase (http://www.soybase.org).

3. Results
3.1. Performance of Protein Content Among the CSSL Population and Its Parents

The performance of protein content for the SojaCSSLP5 and its parents across
three environments (2016]P, 2017JP, 2018DT) is summarized in Table 1 and Figure 1. The pro-
tein content of NN1138-2 among the three environments was 45.48%, 43.98%, and 43.00%,
respectively, with a mean value of 44.15%. The protein content of N24852 among the three
environments was 46.97%, 45.88%, and 45.75%, respectively, with a mean value of 46.20%,
indicating a significant difference between the two parents. Among the population, the
177 lines showed rich genetic variation in protein content averages over the three environ-
ments, with a mean of 45.00% and a range of 42.86-49.08%, indicating that the introduction
of wild soybean chromosome segments caused widespread variation in the population.
The distribution of protein content shows that most lines have reverted to the level of the
recurrent parent NN1138-2, while only a few lines have protein content comparable to the
donor parent N24852. This distribution characteristic is consistent with the features of a
CSSL population. Furthermore, the error coefficient of variation for protein content across
the three environments ranged between 0.03 and 0.04, indicating low experimental error
and high data reliability. The heritability of protein content in the three environments was
0.75, 0.80, and 0.78, respectively, with an average heritability of 0.70, indicating that the
variation in protein content in the population is mainly genetically controlled.

Table 1. The performance of SojaCSSLP5 and its two parents in protein content.

Parents SojaCSSLP5
Env. Class Mid-Value (%)

NN1138-2  N24852 Range (%) Ms}an v

414 422 430 438 446 454 462 47.0 478 48.6 494 (%)

2016JP 45.48 46.97 0 1 11 30 43 35 16 11 5 1 1 42.22-4927 4508 0.03 075
2017]JP 43.98 45.88 0 3 13 52 43 29 18 4 2 0 1 4213-49.15 4460 0.03 0.80
2018DT 43.00 45.75 5 20 34 37 29 9 11 2 4 2 1 41.40-49.15 44.00 0.04 0.78
Mean 44.15 46.20 0 0 19 53 50 28 10 1 2 0 1 42.86-49.08 4500 0.03 0.70

2016]JP, 2017]P, 2018DT and mean represent the environments of 2016 Jiangpu, 2017 Jiangpu, 2018 Dangtu, and
average of the three environments, respectively.
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Figure 1. The frequency distributions of seed protein content in S0jaCSSLP5 along with its two parents.
(A-D) indicate 2016]P, 2017JP, 2018DT and the average protein content of SojaCSSLP5 respectively.

Joint analysis of variance for protein content across the three environments (Table 2)
showed significant differences among environments, replicates within environments, lines,
and line-by-environment interaction. These results indicate that although protein content is
primarily genetically controlled, environmental conditions and genotype-by-environment
interactions still significantly affect the phenotype. Therefore, using the mean phenotype
across multiple environments for subsequent segment mapping can effectively reduce
environmental interference and improve mapping accuracy.

Table 2. The joint ANOVA of protein content of the S0jaCSSLP5 under multiple environments.

Source of Variation DF MS F Value p
Environment (Env) 2 107.73 100.82 <0.0001
Repeat (Env) 6 17.01 15.92 <0.0001
Line 163 791 7.40 <0.0001
Line x Env 306 2.59 242 <0.0001
Error 837 1.07

Total 1314

Line is a fixed model; environment is a random model.

3.2. Identification of Wild Segments Associated with Protein Content

Based on the mean protein content of the SojaCSSLP5 across three environments,
six wild segments/QTL significantly associated with protein content were detected. They
were distributed on five chromosomes: 3, 6,9, 15, and 20, with two segments/QTL detected
on chromosome 15. The significance (LOD value) of the segments/QTL ranged from 3.06
to 15.82. The segment/QTL gPr020.1 on chromosome 20 was the most significant, with the
LOD value as high as 15.82. The six detected segments/QTL collectively explained 57.42%
of the phenotypic variation. The phenotypic variation explained (PVE) by individual loci
ranged from 3.58% to 22.46%. Based on the PVE, the mapped segments can be classified
into large-effect and small-effect segments. The segments/QTL on chromosomes 9, 15, and
20—qPr09.1 (PVE 10.13%), gPro15.1 (PVE 10.84%), and qPr020.1 (PVE 22.46%)—had PVE
exceeding 10% and are considered as core genetic loci regulating protein content in soybean.
Among them, gPro20.1 had a significantly higher contribution than the others, representing
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the primary segment controlling this trait. The segments/QTL on chromosomes 3, 6, and
15—qPr03.1 (PVE 3.58%), qPro6.1 (PVE 5.74%), and qPro15.2 (PVE 4.67%)—each had a PVE
below 10% and are presumed to be minor genetic loci for protein content. Notably, the
additive effect values for all six wild segments were positive, ranging from 0.42% to 1.09%
(Table 3), indicating that these segments from the donor wild soybean N24852 can signifi-
cantly increase the protein content of cultivated soybean. This is entirely consistent with
the phenotypic characteristic that N24852 itself has a significantly higher protein content
(46.20%) than the recipient parent NN1138-2 (44.15%), further validating the reliability of
the mapping results. These segments are the key genetic loci of the high protein content
trait in wild soybean.

Table 3. The QTL/segment related to protein content detected in the SojaCSSLP5.

Genome Size of Region LOD

QTL Marker Region (KB) PVE (%) Add (%) Reported QTL
40,609,452— .
qPro3.1 Gm03_LDB_36 4%'%028',0539 418.59 3.06 358 0.42 Seed protein36-34 [26]
Seed protein36-35 [26]
Pro6.1 Gm06_LDB_14 4859600~ 499.12 475 5.74 0.4 New
q4700- —-Lb_ 5,358,717 : : : :
44,878/012- .
qPro9.1 Gm09_LDB_74 4 4,,951,,892 73.88 8.02 10.13 0.62 Seed protein36-28 [26]
Seed protein36-29 [26]
13- .
qPro15.1 Gmi5LDB12 o0 750.15 8.49 10.84 0.92 Seed protein 30-3 [27]
11,936,865— .
qPro15.2 Gml15_LDB_31 12,087,185 150.32 3.93 4.67 0.66 Crude protein, R6 1-5 [28]
13,996,858 .
qPro20.1 Gm20_LDB28 500808 10,339.17 15.82 2246 1.09 cqSeed protein-003 [29]

Seed protein 1-3 [9]
Seed protein 1-4 [9]
Seed protein 3-12 [30]
Seed protein 10-1 [10]
Seed protein 11-1 [10]
Seed protein 30-1 [27]
Seed protein 31-1 [31]
Seed protein 34-11 [32]
Seed protein36-26 [26]
Seed protein 37-8 [33]

3.3. QTL-Allele Matrix for Protein Content in the SojaCSSLP5

To systematically analyze the genetic distribution pattern of high-protein-related QTL
alleles, a QTL-allele matrix for protein content was constructed for the SojaCSSLP5 and
its two parents (NN1138-2, N24852) based on the six mapped wild segments (gPro3.1,
qPro6.1, qPro9.1, gPro15.1, qPro15.2, qPro20.1) (Figure 2). The matrix clearly defines the allele
sources: black cells represent the positive alleles from the donor wild soybean N24852, and
white cells represent the negative alleles from the recipient cultivated soybean NN113§-
2, providing an intuitive presentation of the allelic combination pattern for each CSSL.
Association analysis between the matrix and phenotypes revealed that the protein content
level of the substitution lines showed a positive correlation trend with the number of
positive wild segments they carried: lines with protein content significantly higher than the
population mean (45.00%) generally carried two to three positive wild segments, whereas
lines with protein content close to or lower than the recurrent parent (44.15%) mostly
carried only zero to one positive wild segments and were predominantly composed of
negative alleles, confirming the positive regulatory effect of the introgressed wild segments
on protein content. Using the phenotypic values from the three environments (2016]P,
2017]JP, 2018DT) for significance testing (p < 0.05), 41 lines with protein content significantly
higher than the recurrent parent were screened out from the 177 CSSLs. Further allele
tracing showed that among these 41 high-protein lines, 30 carried at least one of the
high-protein-related wild segments mapped in this study. Among the mapping segments,
the distribution frequency of the wild segment of qPr020.1 (18 times) was the highest in
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41 high-protein lines, followed by gPr015.1 (11 times), indicating that these two segments
are the core genetic factors driving the transgressive protein content in the lines. The
remaining 123 low-protein lines (excluding black-seeded lines) cumulatively carried only
19 instances of protein-content-increasing wild segments, predominantly minor-effect
segments (gPro3.1, Pro6.1) (14 times), with the frequency of large-effect segments being less
than 4% (5 times). These results quantitatively demonstrate that the high-protein-related
wild segments mapped in this study can explain 73.17% (30/41) of the phenotypic variation
in the high-protein lines. This fully validates the genetic effectiveness of these mapping
segments and provides clear genetic targets for subsequent marker-assisted selection (MAS)
to pyramid positive segments and breed new high-protein germplasm.

CSSL

qPro3.1

qPro6.1

qPro9.1

qProl5.1

qProl5.2

qPro20.1

49.10% 45.30% 44.65% 44.18% 43.65%

SPC

Figure 2. The QTL-allele matrix of seed protein content of the SojaCSSLP5. In CSSLs, the first column
represents parent NN1138-2, the second column represents parent N24852, and the rest are all families
of the population. A black cell represents a positive allele from the wild parent N24852, and a white
cell represents a negative allele from the cultivated parent NN1138-2. The lines on the left of the solid
red line in the figure have a significantly higher protein content than the parent NN1138-2.

3.4. Prediction of Candidate Genes for Soybean Protein Content

Based on the SoyBase database (http://www.soybase.org), candidate gene anno-
tations were performed for the detected protein-content-related segments. A total of
362 candidate genes were contained within the six detected segments/QTL in this study.
Using the parental transcriptome and genomic data obtained previously, candidate genes
were predicted. First, genes with low expression (FPKM < 2.0) were filtered out based
on RNA-seq data. Genes showing a >2-fold expression difference between the parents,
especially those with significant differences in expression at later stages of seed develop-
ment, were selected. Second, by analyzing sequence differences between the parents using
high-depth resequencing data, genes with SNP variations, particularly non-synonymous
mutations, were identified as key candidate genes. Consequently, after screening within the
six mapping segments, ten candidate genes for protein content were ultimately predicted
(Table 4). These genes not only have sequence differences between the parents but also
show significant differences in expression across various tissues, including leaf, flower,
and seeds at 14, 21, 28, and 35 days after flowering. According to gene annotation and
homologous gene analysis, some genes are involved in nucleic acid binding pathways
(Glyma.03G198500), polynucleotide transferase pathways (Glyma.03G200000), and protein
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binding pathways (Glyma.06G066900); some genes have protein transmembrane trans-
port activity (Glyma.09G223900); others are related to serine-rich (Glyma.06G065900) and
cysteine-rich proteins (Glyma.09G224300). The functions of these predicted key candidate
genes still require further cloning and validation.

Table 4. Prediction of candidate genes related to the QTL of soybean protein content.

Gene Position

Expression Difference (FPKM)

Gene Wms2.a2.v1 QTL Annotation Parents SNP Haplotype Sgd Sg:d ngd Szzd Leaf Flower
Glyma.03G198500  CMOSTOTTAI®= gpres Nucleic acid NN1138-2 GCAC 1334 1294 450 891 1530 952
binding N24852 ATTG 13.89 7.04 1487 5844 2017 8.33
Glyma.03G200000  CM9oci887o82- qPro3.1 Polynucleotidyl ~ NN1138-2 T 693 416 131 168 491 905
transferase/ N24852 C 511 131 304 1076 511 1485
Gm06:5028393- ribonuclease
Glyma.06G065900 s qPr06.1 Serine-rich NN1138-2 cT 1344 241 233 380 1393 1226
protein-related N24852 AA 5.88 3.10 2190 5996 2717 1854
Glyma.06G066900 ~ CmUED093927- Pro6.1 Proteinbinding  NN1138-2 CGAGTTCG 770 637 390 401 938 614
N24852 AATTGATC 733 332 784 1926 1044 557
Glyma.09G223900 ~ CmOg:A4887793- qPro9.1 Protein NN1138-2 AAGT 642 633 375 349 332 28
trar;j;rr‘fsg‘é’rrta“e N24852 TGTA 437 218 6.65 2663 352 2,61
Glyma.09G224300 ~ CmOgA416070- qPro9.1 Cysteine-rich NN1138-2 CGAGCATT 241 1747 919 849 2072 1541
protein-related N24852 TACCGGAC 1807 979 1951 8940 2004 1092
Glyma.15G005900 Gml2:503905- qPC15-1 hydroxyproline-  NN11382  GAACTTCACG 4093  37.03 805 1654 3260 2016
rich glycoprotein N24852 AGTTGATCGA 3238 1201 2239 2556 3800  22.72
Glyma.15G008800 Gm]o:700088~ qPC15-1 Eﬂi‘g;%i;’etgg . NN11382 CCAACTAC 9922 8849 1982 2264 6761  97.39
protein 3 N24852 ATTTAGGT 89.02 5565 3093 115 4505 16315
Glyma.15G145000 Gm%f‘gglz%%%%‘*’ qPro15.2 ) NN1138-2 GA 1508 2169 1093 1749 4146 1279
N24852 AG 3151 1994 996 025 2542 1584
Glyma.20G085100  SMVTUTT0= gprono.1 Cgltlgﬁ&}ggtecl& NN1138-2 - 05 113 057 131 027 275
domain N24852 321bp-InDel 223 226 145 019 196 064

FPKM represents fragments per kilobase per million.

4. Discussion
4.1. Genetic Basis of Protein Content in Wild Soybean and Comparison with Previous Studies

Wild soybeans have a higher protein content compared to cultivated soybeans, yet
the genetic basis of their differences remains to be fully elucidated. This study, using a
wild soybean CSSL population SojaCSSLP5, found that the genetic cause of the protein
content difference between the wild parent N24852 and the cultivated parent NN1138-2 can
be traced to six chromosomal regions. All wild segments had positive additive effects on
protein content, collectively explaining 57.42% of the phenotypic variation. The remain-
ing 12.58% (70-57.42%) of the phenotypic variation might be due to undetected minor
QTLs. Among the six detected segments, the segments of qPr09.1 (PVE 10.13%), qPro15.1
(PVE 10.84%) and qPr020.1 (PVE 22.46%), marked by Gm09_LDB_74, Gm15_LDB_12, and
Gm20_LDB_28, respectively, had PVEs exceeding 10%. We infer that these three segments
are large major-effect loci controlling the differentiation of protein content between wild
and cultivated soybeans, while the remaining three segments are small major-effect loci.

Compared with previous studies (Table 4), five of the six wild segments mapped in this
study contain QTLs of protein content previously reported [10,26-33]. The segment/QTL
of gPr020.1 mapped in this study encompasses 11 QTLs of protein content recorded in
Soybase [10,26,27,29-33], derived from four cultivated /wild soybean combinations and
six cultivated /cultivated soybean combinations. This indicates that the qPr020.1 locus
is differentiated not only between wild and cultivated soybeans but also among culti-
vated soybeans. Additionally, this study newly discovered a protein-content-increasing
wild segment, gPro6.1, which was not detected in cultivated /cultivated soybean combi-
nations, suggesting that this protein locus might be differentiated only between wild and
cultivated soybeans.

The chromosome segment substitution line population SojaCSSLP5 used in this study
has been improved over four generations. Wang et al. [14] initially constructed a CSSL pop-
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ulation, SojaCSSLP1, which was subsequently improved by Xiang et al. [16], He et al. [34],
and Yang et al. [18], forming SojaCSSLP2, SojaCSSLP3, and SojaCSSLP4, respectively. By
using SojaCSSLP1, four wild segments for protein content located on chromosomes 8,
14, 19, and 20, with the QTL on chromosome 20 explaining over 10% of the phenotypic
variation [35]. By using SojaCSSLP4 [18], nine protein content QTLs were detected on
chromosomes 2, 4, 7, 8, 11, 13, 15, 17, and 20, respectively, with QTLs on chromosomes
2,4,15,17, and 20 explaining over 10% of the phenotypic variation. Compared with the
results of this study, gPr020.1 overlaps with segments/QTLs detected in both SojaCSSLP1
and SojaCSSLP4, and qPro15.1 overlaps with a QTL detected in SojaCSSLP4. The other four
QTLs were not detected in SojaCSSLP1 and SojaCSSLP4. These results indicate that the
soybean protein content locus gPr020.1 detected in this study is a major locus controlling
soybean protein content and should be a focus of future research. The other QTLs still need
further verification by constructing secondary mapping populations from substitution lines
and the recurrent parent NN1138-2.

4.2. Candidate Gene of Protein Content in Soybean

Soybean seed protein content is a complex quantitative trait controlled by multiple
genes. These include amino acid uptake and synthesis, translation on the endoplasmic
reticulum, processing and transport through the Golgi apparatus, and final deposition into
protein storage vacuoles [36]. Consequently, genes regulating protein content are likely
involved in diverse biological processes such as amino acid metabolism, protein translation
and folding, membrane trafficking systems, and associated transcriptional regulation.

Based on the six wild segments associated with high protein content in this study, we
systematically screened for candidate genes by integrating whole-genome resequencing
data of the parents and transcriptome data from multiple tissues (including leaves, flowers,
seeds at different developmental stages, and pods). Our screening strategy was primarily
based on two key criteria: First, the presence of sequence variations in the coding region that
could potentially affect protein function, particularly non-synonymous single nucleotide
polymorphisms between the parents (NN1138-2 and N24852). Second, the significant
differences in gene expression between the two parents (a fold-change > 2), especially in
key tissues like the middle and late stages of seed development. Through this strategy,
we refined a list of 10 high-confidence candidate genes from the 362 genes located within
the six QTL intervals (Table 4). Functional annotation and homologous gene analysis of
these candidate genes revealed their involvement in various pathways potentially related
to protein synthesis and accumulation. For instance, the gene Glyma.03G200000, located
within the gPro03.1 interval, encodes a protein with ribonuclease activity. Its homologous
gene in rice has been reported to play a role in the transcriptional regulation of storage
proteins [37], suggesting it might influence protein synthesis by modulating the stability
of relevant mRNAs. The gene Glyma.15G078300, located within the gPro15.1 interval,
encodes a transcription factor containing an NAC domain. Studies have shown that
NAC transcription factors in rapeseed are involved in responses to biotic and abiotic
stresses [38], while NAC proteins in rice can directly activate the expression of genes
related to starch and storage protein synthesis [39]. This indicates that Glyma.15G078300
may act as an upstream regulator, directly activating the protein synthesis pathway in
soybean seeds. The gene Glyma.20G851000, located within the qPro20.1 interval, encodes a
protein with ribonuclease activity. It has been identified as a core regulatory switch, and its
overexpression can significantly increase protein content, often at the expense of reduced
oil content and seed size [23]. The functions of other candidate genes involve nucleic acid
binding (Glyma.03G198500), transmembrane protein transport (Glyma.09G223900), protein
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kinase activity, and characteristics of serine/cysteine-rich proteins. These functions are
closely associated with the synthesis, modification, transport, and accumulation of proteins.

It is noteworthy that among the 10 candidate genes predicted in this study, some genes
and their homologs have been functionally validated to be associated with protein content
in soybean, rice, and rapeseed, further strengthening their potential as key genes controlling
soybean protein content. However, since the QTL intervals still contain multiple genes and
functional redundancy may exist, the precise functions of these predicted candidate genes
require further validation through molecular biological approaches such as developing sec-
ondary mapping populations, gene editing, and overexpression/knockdown experiments.
The findings of this study provide precise targets and a solid theoretical foundation for
subsequent gene cloning and functional studies, which will significantly advance molecular
design breeding for high-protein soybean.

5. Conclusions

Annual wild soybean is characterized by its high protein content. In this study,
six wild segments that can increase soybean protein content were detected based on a wild
soybean chromosome segment substitution line population SojaCSSLP5. Among them,
three were large-effect loci with phenotypic contribution rates beyond 10%. Among the
wild segments detected in this study, five overlapped with protein-related loci previously
reported in cultivated soybeans. The remaining segment, qPro6.1, represents a novel
locus discovered in this study, suggesting that it exists only during soybean domestication.
Furthermore, based on sequence variations and gene expression differences between the
parents, ten candidate genes for protein content were predicted within the six detected
segments, though their specific functions require further validation. These findings provide
a foundation for mining and utilizing elite genes associated with a high protein content in
wild soybeans.
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