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To address domestication and improvement studies of soybean seed size- and oil-related traits, a series of
domesticated and improved regions, loci, and candidate genes were identified in 286 soybean accessions
using domestication and improvement analyses, genome-wide association studies, quantitative trait
locus (QTL) mapping and bulked segregant analyses in this study. As a result, 534 candidate domestica-
tion regions (CDRs) and 458 candidate improvement regions (CIRs) were identified in this study and inte-
grated with those in five and three previous studies, respectively, to obtain 952 CDRs and 538 CIRs; 1469
loci for soybean seed size- and oil-related traits were identified in this study and integrated with those in
Soybase to obtain 433 QTL clusters. The two results were intersected to obtain 245 domestication and
221 improvement loci for the above traits. Around these trait-related domestication and improvement
loci, 7 domestication and 7 improvement genes were found to be truly associated with these traits,
and 372 candidate domestication and 87 candidate improvement genes were identified using gene
expression, SNP variants in genome, miRNA binding, KEGG pathway, DNA methylation, and haplotype
analysis. These genes were used to explain the trait changes in domestication and improvement. As a
result, the trait changes can be explained by their frequencies of elite haplotypes, base mutations in cod-
ing region, and three factors affecting their expression levels. In addition, 56 domestication and 15
improvement genes may be valuable for future soybean breeding. This study can provide useful gene
resources for future soybean breeding and molecular biology research.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cultivated soybeans were domesticated from wild soybeans
(Glycine soja Sieb. & Zucc.) in China 5000 years ago [1]. Domestica-
tion is one of the most important events in agricultural develop-
ment [2]. To meet human need, a limited number of elite lines
are selected for breeding for the next generation, and many traits
are changed during domestication (from wild to landrace soy-
beans) and improvement (from landrace to bred soybeans) pro-
cesses [3–5]; these traits include higher yield, reduced seed
dispersal and seed dormancy, larger seeds, and higher oil content
[4–6]. Due to selection, genetic diversity has been greatly reduced
[4], a genetic diversity bottleneck has occurred [7], and the average
number of protein-coding genes per accession during domestica-
tion and improvement has been significantly reduced [8]. Thus,
the identification of both genome-wide genetic diversity and genes
contributing to domestication and improvement is essential for
breeding elite cultivars [5].

During crop domestication and improvement, some important
traits have changed significantly, and these changes may be caused
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by some major genes. For example, tga1, gt1, tb1, and zfl2 encode
key morphological traits associated with the domestication of teo-
sinte (Zea mays ssp. parviglumis) to maize (Zea mays L.); PROG1
alters rice from prostrate to upright growth, and sha1 determines
shattering in rice; fw2.2 causes a large increase in tomato fruit
weight (Table A.1). Thus, domestication and improvement studies
in soybean should be addressed.

In previous soybean domestication and improvement studies,
most focused on both diversifying selection and selective sweep
and identifying domestication and improvement genes. On one
hand, some candidate domestication and improvement regions
(CDRs and CIRs) were identified. Li et al. [9] identified 394 CDRs
and 306 CIRs using hp, Tajima’s D, and Fst; Song et al. [10] identified
620 CDRs and 42 CIRs using Fst; Chung et al. [11] identified 206
CDRs using ROD; Zhou et al. [12] identified 121 CDRs and 109 CIRs
using the XP-CLR method; Zhou et al. [13] identified 166 CDRs
using Tajima’s D; Wang et al. [14] identified one selection region
on chromosome 15 using p, Fst, and XP-EHH. By integrating these
CDRs and CIRs with previously reported loci of quantitative traits,
some CDRs and CIRs were found to be associated with seed size-
and oil-related traits in soybean [12–14]. However, there have
been few comprehensive studies on the trait-associated CDRs
and CIRs at the whole genome level, indicating the relative lack
of a systematic understanding of soybean CDRs and CIRs for impor-
tant traits.

On the other hand, a series of genes for domestication traits
have been cloned and functionally identified (Table A.1). These
genes include SHAT1-5 and Pdh1 for pod shattering; GmHs1-1 for
seed hardness; GmTfl and Dt2 for stem growth habit; GmPhyA3,
GmGIa, GmFT2a, J, Tof11, Tof12, and GmPRR37 for flowering time;
GmNYFA [15], GmZF351 [16], B1 [17], and GmOLEO1 [18] for seed
oil content; GmGA20OX [15], GmCYP78A72, GmCYP78A5, and
SoyWRKY15a for seed size; GmSWEET39 [14] and GmPDAT [19]
for seed size and oil content (Table A.1). Sedivy et al. [20] also iden-
tified a number of candidate genes that may have played important
roles in soybean domestication and improvement. With the
advances of sequencing technologies and genetic analysis method-
ologies, genetic diversity analysis in natural populations, along
with genome-wide association studies (GWAS) and linkage analy-
sis, is frequently used to identify candidate genes for domestication
and improvement traits. For example, Zhou et al. [12] identified
two domestication loci for seed oil content; Zhou et al. [13] identi-
fied 18, 60, 66, and 10 candidate domestication genes for flowering
time, seed development, alkaline-salt tolerance, and seed oil con-
tent, respectively; Zhang et al. [21] identified 4 candidate domesti-
cation genes and 8 candidate improvement genes for seed oil,
protein, fatty acid, and amino acid content. In addition, some can-
didate domestication and improvement genes were identified
using only genetic diversity analysis. For example, Li et al. [9] iden-
tified 928 domestication and 1,106 improvement genes; Torka-
maneh et al. [21] identified 110 domestication genes; Zhou et al.
[12] identified 21 fatty acid biosynthesis domestication genes, 10
of which were consistent with the loci for seed oil content in pre-
vious studies. Recently, Turquetti-Moraes et al. [23] integrated
publicly available data to discover candidate genes involved in
oil biosynthesis and regulation in soybean, e.g., BCCP2 and ACCase,
FADs, KAS family proteins, and several transcription factors, and
predicted new candidate genes, such as Glyma.03G213300 and Gly-
ma.19G160700. However, candidate domestication genes (CDGs),
especially candidate improvement genes (CIGs), in soybean should
be addressed owing to the limited number of soybean accessions
employed and methodologies with limited efficiency, indicating
the lack of comprehensive, in-depth mining of CDGs and CIGs.

To address the above issues, first, we detected the domestica-
tion and improvement regions in 286 soybean accessions and inte-
grated them with previously reported domestication and
2952
improvement regions in soybean in order to obtain more compre-
hensive domestication and improvement regions. Then, we
detected the genetic loci for seed size- and oil-related traits using
GWAS, quantitative trait locus (QTL) mapping, and bulked segre-
gant analysis (BSA) and integrated them with previously reported
genetic loci in Soybase. Next, the above two results were integrated
to obtain domestication and improvement loci for seed size- and
oil-related traits, and around these loci, the CDGs and CIGs for
these traits were mined using gene expression, SNP variant, miRNA
binding, KEGG pathway, DNAmethylation, and haplotype analyses.
Finally, these genes were used to explain the differences in seed
weight and oil content between wild and landrace soybeans and
between landrace and bred soybeans. In addition, we summarized
candidate genes available for use in future soybean breeding. This
content was summarized in Fig. 1.
2. Materials and methods

2.1. Genetic populations

Genetic populations for GWAS, linkage analysis and BSA are
described below.

As described in Zhou et al. [24], a total of 286 soybean acces-
sions, including 14 wild, 153 landrace, and 119 bred soybeans,
were obtained from six geographic regions of China, and planted
in three-row plots in a completely randomized design at Jiangpu
experimental station of Nanjing Agricultural University from
2008 to 2016 (datasets: NJ2008�NJ2016), and at Wuhan experi-
mental stations of Huazhong Agricultural University in 2014 and
2015 (datasets: WH2014 and WH2015), respectively. The agro-
nomic practices were consistent with those of local production
conditions.

519 recombinant inbred lines (RILs) derived from orthogonal
(OC, 242) and reciprocal (RC, 277) crosses between two parents
LSZZH (P1) and NN493-1 (P2), together with their parents, were
planted in three-row plots in a completely randomized design at
the Jiangpu experimental station of Nanjing Agricultural University
in 2015 (NJ2015) and at the Wuhan and Ezhou experimental sta-
tions of Huazhong Agricultural University, respectively, in 2014
(WH2014) and 2015 (EZ2015).

Based on the linoleic acid and oil content of RILs across the
above-mentioned three environments, 30 RILs with higher seed
linoleic acid content and 30 RILs with lower seed linoleic acid con-
tent were obtained from 242 OC RILs and 277 RC RILs, namely
OC_LA_H, OC_LA_L, RC_LA_H, and RC_LA_L; 30 RILs with higher
seed oil content and 30 RILs with lower seed oil content were
obtained from 242 OC RILs and 277 RC RILs, namely OC_OIL_H,
OC_OIL_L, RC_OIL_H, and RC_OIL_L. These materials were planted
at Wuhan experimental station of Huazhong Agricultural Univer-
sity in 2018.
2.2. Phenotypic measurements for traits related to seed size and oil
content

In all the above-mentioned three genetic populations, each
accession or RIL was planted in a three-row plot in a randomized
complete block design, each plot was 1.5 m wide and 2 m long,
and approximately 15 plants were planted in each row. Five plants
in the middle row for each line were harvested, and the seeds were
prepared for the measurement of 13 traits, including six seed oil-
related traits [13]: palmitic acid (PA), stearic acid (SA), oleic acid
(OA), linoleic acid (LA), linolenic acid (LNA), and oil content
(OIL); and seven seed size-related traits [25,26]: seed width
(SW), seed length (SL), seed thickness (ST), seed length to width



Fig. 1. The basic procedures in this study.
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ratio (SLW), seed length to thickness ratio (SLT), seed width to
thickness ratio (SWT), and 100-seed weight (100SW).

The phenotypes for seed size-related traits of �250 soybean
accessions in 2008�2010 and 2014�2015 were described by Niu
et al. [25] and Ikram et al. [26], respectively, while the phenotypes
for seed oil-related traits of 286 soybean accessions in 2011, 2012,
2014, and 2016 were described by Liu et al. [19], Zhou et al. [13],
and Liu et al. [31]. The phenotypes for seed oil-related traits of
519 RILs in 2014 and 2015 were described by Zuo et al. [27]. Other
phenotypic datasets in this study were new, and all the phenotypic
datasets in this study were listed in Table A.2.

2.3. SNP genotyping

DNA extraction Young healthy leaves from a single plant of
each accession or RIL were collected, frozen in liquid nitrogen,
and used to extract DNA. Young healthy leaves from 30 RILs with
extreme high (low) LA (OIL) phenotypes were equally mixed as
an extreme pool to extract DNA. Total genomic DNA was extracted
from each sample using the cetyltrimethylammonium bromide
(CTAB) method [28].

Genotypes of SNP markers for 286 soybean accessions
Through resequencing of 286 soybean accessions using RAD-seq
approach, a total of 106,013 high-quality SNPs were obtained,
which have been described in our previous study [24].

Genotypes of SNP markers for 519 RILs The 519 RILs were
genotyped using SLAF-seq method, a total of 11,846 SLAF markers
were obtained, and the detailed information was described in our
previous study [27].

The resequencing and SNP calling in eight DNA pools and
two parents For eight DNA pools described in ‘‘2.1 Genetic popu-
lations” and two parents, at least 6 lg of genomic DNA from each
2953
pool was used to construct a sequencing library following the man-
ufacturer’s instructions (Illumina Inc.). Paired-end sequencing
libraries with an insert size of approximately 300 bp were
sequenced on an Illumina HiSeq 2000 sequencer at Anoroad Gene
Technology Company.

The genome of the soybean cultivar Williams 82 was used as a
reference genome, and short sequences obtained from the second-
generation high-throughput sequencing were compared with the
reference genome using software BWA (version: 0.6.1-r104)
(https://sourceforge.net/projects/bio-bwa/) [29]. The paired end-
to-end resequencing sequences were aligned to the Williams 82
v1.0 reference genome of soybean. Then, SAMtools (Version:
0.1.18) [30] software was used to convert the sorted SAM files into
BAM format and sort, and filter out the non-unique alignment
sequences. The Picard package (http://sourceforge.net/projects/pi-
card/) was used to remove the duplicates. The SNPs between the
reference genome and samples were detected by the Genome
Analysis Toolkit (GATK) software [31].

All the genotypic datasets in this study were listed in Table A.2.

2.4. Genome scanning for selective sweeps

We performed a genome scan using the composite likelihood
approach of Chen et al. [32] using the software XP-CLR v1.0. Evi-
dence for selection across the genome during domestication and
improvement was evaluated in two contrasts: landraces versus
wild soybeans for domestication and bred lines versus landraces
for improvement. Our scan used a 0.05 cM sliding window with
100 bp steps across the whole genome. To ensure comparability
of the composite likelihood score in each window, we fixed the
number of SNPs assayed in each window to 250. The command line
is as follows:./XPCLR -xpclr input1 input2 input3 output -w1 0.05
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250 100 15 -p0 0.95. Then, we used an R script to calculate the
mean likelihood score in 100 kb sliding windows with a step size
of 10 kb across the genome. Finally, the regions with top 5% value
were considered as selected regions, and the adjacent windows
with high score were grouped into a single region to represent
the effect of a single selective sweep.

To summarize the selection regions during domestication and
improvement, the CDRs detected in this and previous studies were
integrated, including 21 CDRs in Li et al. [9], 620 CDRs in Song et al.
[10], 206 CDRs in Chung et al. [11], 121 CDRs in Zhou et al. [12],
and 166 CDRs in Zhou et al. [13]; the CIRs detected in this and pre-
vious studies were integrated, including 20 CIRs in Li et al. [9], 42
CIRs in Song et al. [10], and 109 CIRs in Zhou et al. [13]. All the
CDRs and CIRs from previous studies were listed in Table A.2.
2.5. Identification of genetic loci for seed oil- and size-related traits in
soybean

The mrMLM v4.0.2 software [33], including the six methods of
mrMLM [34], FASTmrEMMA [35], pLARmEB [36], ISIS EM-BLASSO
[37], FASTmrMLM [38], and pKWmEB [39], was used to detect
the association of 106,013 SNPs with seed size- and oil-related
traits in multiple environments in 286 soybean accessions, where
the kinship matrix K was calculated by the mrMLM software, the
Q matrix was calculated by the STRUCTURE 2.3.4 software [40],
the number of optimum subgroups was four [13], and the critical
value of LOD � 3 was used as the criterion for significant QTNs.

The QTL.gCIMapping.GUI v2.1 software [41] of genome-wide
composite interval mapping (GCIM) [42] was used to identify the
association of 11,846 SNPs with seed oil-related traits in multiple
environments in 519 RILs, where the linkage maps constructed
by Zuo et al. [27] were adopted in this study, and the critical value
of LOD � 2.5 was used as the criterion for significant QTLs.

Four pairs of extreme pools for seed linoleic acid and oil content
in RILs were used to detect QTLs for the two traits using the BRM
software [43], where the BLK was set as 30, and the ua/2 was calcu-
lated via the BRM software based on the length (cM) of linkage
maps in Zuo et al. [27].
2.6. Mining candidate domestication and improvement genes for seed
oil- and size-related traits in soybean

2.6.1. Expression analysis of candidate genes
There were three transcriptome datasets available in this study

to conduct high expression analyses. The first transcriptome data-
sets of Jones and Vodkin [44] were downloaded from the Gene
Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/-
query/acc.cgi?acc=GSE42871), and used to detect high expression
genes at seed oil accumulation and seed development stages, in
which their expression levels at more than one stage from
5�6 mg to 400�500 mg were higher than the average at all the
seven seed development stages [45]. These stages included whole
seed 4 days after flowering (DAF), whole seed 12�14 DAF, whole
seed 22�24 DAF, whole seed 5�6 mg in weight, cotyledons
100�200 mg in weight, cotyledons 400�500 mg in weight, and
dry whole seed. The second transcriptome datasets of Machado
et al. [46], which are derived from the re-analyses of the transcrip-
tome datasets at seed 4 DAF, whole seed 12�14 DAF, whole seed
22�24 DAF, whole seed 5�6 mg in weight, and dry whole seed
in Jones and Vodkin [44], were download from a user-friendly
web interface at https://venanciogroup.uenf.br/resources/. The
third transcriptome datasets at seed_10DAF, seed_14DAF,
seed_21DAF, seed_25DAF, seed_28DAF, seed_35DAF, and seed_42-
DAF in Severin et al. [47] were downloaded from SoyBase
(http://soybase.org). If one gene was highly expressed in at least
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two datasets, this gene was considered to be highly expressed in
this study.

The gene expression levels of two wild, two landrace and two
bred soybeans at 15, 25, 35, and 55 DAF, described by Niu et al.
[48] and Liu et al. [49], were used to determine differential expres-
sion genes between wild and landrace soybeans and between lan-
drace and bred soybeans using the DEGseq package [50] with
q � 0.001.

All the transcriptome datasets were listed in Table A.2.

2.6.2. SNP allele frequency and SNP annotation
Using the genotypes of 9,790,744 SNPs in 302 soybeans of Zhou

et al. [12], downloaded from Figshare database (https://figshare.-
com/articles/Soybean_ resequencing Project/1176133), all the
SNPs within each candidate gene and its 2 kb upstream were
mined, and the significances for the differences of SNP allelic fre-
quencies between wild and landrace soybeans and between lan-
drace and bred soybeans were detected using u test with
Bonferroni correction.

The genome sequences (glyma.Wm82.gnm1.FCtY.genome_mai
n.fna.gz) and genome annotation (glyma.Wm82.gnm1.ann1.DvBy.
gene_models_main.gff3.gz) were downloaded from Soybase
(https://soybase.org/data/public/Glycine_max/) and used to con-
duct SNP annotation via the SnpEff software [51]. The SNP variants
were extracted from the SnpEff-annotated VCF file using a Perl
script. We retained the loss of function (LOF) mutations described
in Torkamaneh et al. [22] and the variants in 50UTR, 30UTR, and
upstream of the candidate genes.

2.6.3. Identification of candidate genes related to seed oil- and size-
related traits in soybean

The candidate genes for seed size- and oil-related traits were
determined using the four steps below.

First, the expression levels of genes at fourteen soybean tissues
in Severin et al. [47], downloaded from SoyBase (http://soybase.
org), were used to conduct specific expression analysis in seed.
These tissues included seed_10DAF, seed_14DAF, seed_21DAF,
seed_25DAF, seed_28DAF, seed_35DAF, seed_42DAF, young_leaf,
flower, 1_cm_pod, pod_shell_10DAF, pod_shell_10DAF, root, and
nodule. Then, the psRNATarget (https://plantgrn.noble.org/psRNA
Target/analysis?function=3; [52]) was used to predict miRNA tar-
gets with default parameters by comparing the miRNA sequences
in Glycine max, downloaded from the miRBase (http://www.mir-
base.org/ftp.shtml), with the UTR sequence of Williams 82,
extracted from the genome sequences and genome annotation.
Next, the 1,123 oil-related genes in Zhang et al. [45] were com-
pared with the potential candidate genes in this study to mine can-
didate genes for oil-related traits. Finally, the remaining genes
were used to conduct KEGG analysis to determine the candidate
genes for seed oil- and size-related traits using KOBAS (https://
kobas.cbi.pku.edu.cn/kobas3).

2.6.4. Validation for SNP variants of candidate genes via 30 soybean
genomes

The genomes and genome annotations of four and twenty-six
accessions were downloaded from Soybase (https://soybase.org/-
data/public/Glycine_max/) and Bigdata (https://bigd.big.ac.cn/,
Project number: PRJCA002030; [53]), respectively, where the four
accessions included W05, PI483463 (wild), Williams 82 (landrace),
and ZH13 (cultivar). The genes of Williams 82 were used to create a
local BLAST database using the NCBI-BLAST+ (v2.2.31+) software.
All the genes in the 29 other genomes were compared with the
genes of Williams 82 to search for the best-match genes, which
are homologous to the gene of Williams 82, in each of the 29 gen-
omes. The sequences of genes homologous to candidate genes con-
tained within 2 kb upstream were extracted from the 30 genomic
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sequences by getfasta function in BEDTools [54], and these
sequences were aligned to obtain SNP variants using the MUSCLE
software [55].

2.6.5. Haplotype analysis
The common 172 soybean accessions between 302 accessions

of Zhou et al. [12] and the publicly available resources on the USDA
GRIN database (http://www.ars-grin.gov/) were used to conduct
haplotype analysis using the Haploview v4.1 software [56]. The
marker genotypes were derived from Zhou et al. [12], while the
phenotypes of seed weight and oil content were downloaded from
the USDA GRIN database. The missing genotypes were imputed
using the Beagle v5.1 software [57]. Multiple comparisons of trait
differences among various haplotypes were tested using the LSD.
test function of agricolae package in R.

2.6.6. Differential analysis of epigenetic regulation
4,248 DNA methylation difference regions (DMRs) during

domestication and 1,164 DMRs during improvement were down-
loaded from Shen et al. [58] and used to mine the genes with sig-
nificant differences of DNA methylation degrees between wild and
landrace soybeans, and between landrace and bred soybeans
(Table A.2).

2.7. GO enrichment analysis

GO enrichment analysis was conducted via KOBAS (https://
kobas.cbi.pku.edu.cn/kobas3), in which the statistical method
was hypergeometric test / Fisher’s exact test, the false discovery
rate correction method was from Benjamini and Hochberg [59],
and the significant GO term was determined by the critical value
of corrected P-Value at the 0.05 level.
3. Results

3.1. Phenotypic variation of thirteen traits across wild, landrace, and
bred soybeans

All the 286 soybean accessions were measured in three to ten
environments for seed size-related traits (SL, SW, ST, SLW, SLT,
SWT, and 100SW) and oil-related traits (PA, SA, OA, LA, LNA, and
OIL) in Nanjing and Wuhan, China (Table A.3). The coefficients of
variation for these traits and their best linear unbiased prediction
(BLUP) values ranged from 5.01 to 39.41 (%), with a mean of
13.60 %, while their heritabilities ranged from 0.55 to 0.94, with
a mean of 0.77 (Table A.4). These indicate the existence of large
genetic variation in the association mapping population. In correla-
tion analysis of these traits, some known correlations were
observed as well, i.e., OIL and LNA (negatively), OA and LA or
LNA (negatively), and LA and LNA (positively) (Fig. A.1). Mean-
while, seed oil-related traits were found to be significantly corre-
lated with seed size-related traits, i.e., OIL and SL (SW, ST,
and100SW) (positively), OIL and SLW (SLT and SWT) (negatively),
LNA and SL (SW, ST, and100SW) (negatively), and LNA and SLW
(SLT and SWT) (positively) (Fig. A.1).

In two-way (environment and evolutionary type) ANOVA, sig-
nificant differences were observed among wild, landrace, and bred
soybeans (P-values = <1.00E-300�4.37E-12), such as P-
value = 3.55E-20 for OIL (Table A.4). Single degree of freedom anal-
ysis showed significant differences between wild and landrace soy-
beans (P-values = 9.42E-47�1.49E-2), such as 2.67E-7 for OIL, and
between landrace and bred soybeans (P-values = 1.65E-286�9.50
E-3), such as 1.24E-11 for OIL (Table A.4; Fig. 2). This indicates
the significant changes of the above traits in domestication and
improvement (Fig. A.2).
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3.2. Domesticated and improved regions in soybean genome

To identify domestication and improvement regions in soybean,
the software XP-CLR v1.0 was used to calculate the XP-CLR likeli-
hood ratios of 106,013 SNPs between wild and landrace soybeans
and between landrace and bred soybeans. The first 5% of regions
with the largest likelihood value were regarded as selection
regions, and adjacent windows with common selection regions
were merged into one large selection region. As a result, 534 CDRs
(Fig. 3a) and 458 CIRs (Fig. 4a) were identified. Among these
regions, 156 CDRs overlapped with 157 CIRs, indicating that these
regions had undergone selection twice.

Compared with CDRs and CIRs in previous studies, 109, 63, 33,
86, and 8 CDRs in this study were found to be consistent with those
in Song et al. [10], Zhou et al. [12], Zhou et al. [13], Chung et al. [11]
and Li et al. [9], respectively; 5 and 34 CIRs in this study were
found to be consistent with those in Song et al. [10] and Zhou
et al. [12], respectively. All the CDRs and CIRs detected in all the
related studies were integrated, and a total of 952 CDRs (Fig. 3a;
Table A.5) and 538 CIRs (Fig. 4a; Table A.6) were obtained. Among
the regions in all the related studies, 169, 46, 30 and 6 CDRs were
identified 2, 3, 4, and 5 times, respectively (Table A.5); 43 and 2
CIRs were identified 2 and 3 times, respectively (Table A.6).

We found that the number of CDRs is greater than the number
of CIRs in this and previous [9,10,12] studies. This is reasonable
because more traits are selected and larger trait differences may
exist in the domestication process as compared with those in the
improvement process, e.g., seed oil content (BLUP value) in wild,
landrace and bred soybeans are 15.55, 17.45, and 18.06%, respec-
tively (Table A.2).
3.3. Mapping QTLs for seed size- and oil-related traits in soybean

To identify additional loci for seed size- and oil-related traits,
106,013 SNPs were used to associate with thirteen traits in three
to ten environments and their BLUP values in 286 soybean acces-
sions, 11,846 SLAF markers on linkage maps of Zuo et al. [27] were
used to link six seed oil-related traits in three environments in 242
orthogonal and 277 reciprocal cross recombinant inbred lines
(RILs), and four pairs of high and low pools of linoleic acid and
oil content in the above RIL population were analyzed (Fig. 4c
and 5). The results were as follows.

Genome-wide association studies for seed size- and oil-
related traits 151, 164, 120, 145, 180, and 83 QTNs were found
to be associated with PA, SA, OA, LA, LNA, and OIL in three to four
environments and their BLUP values, respectively (Figs. 4b, 5a and
A.3; Table A.7). These QTNs were distributed on all the chromo-
somes (Fig. A.3). The LOD scores were 3.02�11.77 for PA,
3.00�24.13 for SA, 3.01�19.18 for OA, 3.02�29.07 for LA,
3.00�16.00 for LNA, and 3.01�16.08 for OIL, and the corresponding
mean r2 values (%) were 4.12, 3.55, 4.03, 4.29, 3.68, and 5.01,
respectively. Among these QTNs, there were 48 large QTNs
(r2 > 10%), e.g., the size of snp25032-associated QTN for LA was
21.28%.

413, 403, 418, 278, 260, 303, and 291 QTNs were found to be
associated with SL, SW, ST, SLW, SLT, SWT, and 100SW in seven
to ten environments and their BLUP values, respectively (Fig. 3b,
5a, and A.3; Table A.8). These QTNs were distributed on all the
chromosomes (Fig. A.3). The LOD scores were 3.00�34.82 for SL,
3.00�38.72 for SW, 3.01�19.64 for ST, 3.01�12.66 for SLW,
3.00�17.84 for SLT, 3.00�14.36 for SWT, and 3.00�20.93 for
100SW, and the corresponding mean r2 values (%) were 2.22,
2.03, 2.14, 3.75, 3.81, 3.63, and 2.18, respectively. Among these
QTNs, there are 87 large QTNs, e.g., the size of snp60083-
associated QTN for SLT was 20.63%.
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Fig. 2. The significance of the differences for thirteen traits related to seed size and oil content between wild and landrace soybeans (a), and between landrace and bred
soybeans (b) using two-way ANOVA. *, ** and ***: significances of the differences at 0.05, 0.01 and 0.001 probability levels, respectively.

Fig. 3. The domestication genes for soybean seed length (SL). a, The XP-CLR scores between wild and landrace soybeans in 286 soybean accessions. Selection regions
repeatedly identified in multiple studies are marked by red color, while the others are marked by yellow color. The candidate domestication genes, detected by genome-wide
association studies, and reported QTLs are marked by darkorchid and brown colors, respectively. The gene with red color was further detailed in sub-plots c-f. b, Manhattan
plot for SL. c, The expression levels of GmSRG1 at seven seed development stages and on 14 soybean tissues. The gene expression levels from Jones and Vodkin [44] and
Severin et al. [47] were marked with darkgreen and darkorange colors, respectively. d, Five SNPs and the haplotypes of GmSRG1. e, The seed weight of five haplotypes of
GmSRG1, and their significant differences via multiple comparisons. f, The haplotype frequencies of GmSRG1 in wild, landrace and bred soybeans.
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Mapping QTL for seed oil-related traits in three environ-
ments Based on the high-density linkage maps of Zuo et al. [27],
QTL mapping for six oil-related traits was carried out in three envi-
ronments and their BLUP values in 242 orthogonal and 277 recip-
rocal cross RILs using genome-wide composite interval mapping
(GCIM), implemented via the software QTL.gCIMapping.GUI v2.1
(Fig. 5b; [39]). As a result, 11, 8, 10, 10, 8, and 8 QTLs were found
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in orthogonal-cross (OC) RILs to be associated with PA, SA, OA,
LA, LNA and OIL, respectively (Table A.9). The 37 QTLs were located
on 18 chromosomes excluding chromosomes 1 and 4 (Fig. A.4),
their LOD scores ranged from 2.53 to 6.76, and their sizes were
2.98% to 10.71%. In reciprocal-cross (RC) RILs, 10, 3, 8, 12, 19, and
6 QTLs were found to be associated with PA, SA, OA, LA, LNA, and
OIL, respectively (Table A.9). The 42 QTLs were located on 18 chro-



Fig. 4. The improved genes for soybean seed oil content (OIL). a, The XP-CLR scores between landrace and bred soybeans in 286 soybean accessions. Selection regions
repeatedly identified in multiple studies are marked by red color, while the others are marked by yellow color. The candidate improvement genes, detected by genome-wide
association studies, QTL mapping, and reported QTNs and QTLs, for OIL are marked by darkorchid, darkgreen, blue and brown colors, respectively. The gene with red color was
further detailed in sub-plots d-i. b, Manhattan plot for OIL. c, QTL mapping for OIL. d, The expression levels of GmMTF at five seed development stages [46]. e, The expression
levels of GmMTF at seven seed development stages and on 14 soybean tissues. The gene expression levels from Jones and Vodkin [44] and Severin et al. [47] were marked with
darkgreen and darkorange colors, respectively. f, The comparison of gene expression levels on GmMTF between 10 wild and 10 cultivar soybeans using t test. ***: significance
at the 0.001 probability level; ns: no significance. g, Twenty SNPs and the haplotypes of GmMTF. h, The seed oil content of seven haplotypes of GmMTF, and their significant
differences via multiple comparisons. i, the haplotype frequencies of GmMTF in wild, landrace and bred soybeans.
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mosomes excluding chromosomes 17 and 18 (Fig. A.4), their LOD
scores ranged from 2.51 to 10.67, and their sizes were 1.68% to
18.30%. In all the RILs, 18, 4, 27, 22, 24, and 12 QTLs were found
to be associated with PA, SA, OA, LA, LNA, and OIL, respectively
(Table A.9). The 59 QTLs were located on all the chromosomes
(Fig. A.4), their LOD scores ranged from 2.51 to 16.22, and their
sizes were 1.11%�13.61%.

Bulked segregant analysis for LA and OIL in OC and RC RILs
Resequencing of the 8 DNA pools and 2 parents by an Illumina
HiSeq 2000 sequencer generated a total of 2.65 billion paired-
end reads of 150 bp in length with an average coverage depth of
more than 30� in pools and 20� in parents (Table A.10). Reads
were mapped on the soybean Williams 82 reference genome, and
as a result, a total of 1,348,790 SNPs were identified between the
two parents, and a total of 575,122, 500,051, 682,958, and
592,017 high-quality SNPs with quality value � 100 and sequenc-
ing depth � 30 for OC_LA, OC_OIL, RC_LA, and RC_OIL were identi-
fied in the DNA pools.

The BRM software of Huang et al. [43] was used to detect signif-
icant QTLs for LA and OIL in four pairs of high and low pools
(Figs. 4c and 5b). As a result, a total of 10 and 28 QTLs were found
in OC RILs to be associated with LA and OIL, respectively, while a
total of 6 and 8 QTLs were found in RC RILs to be associated with
LA and OIL, respectively (Table A.11; Fig. A.5).
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The summarized loci for seed size- and oil-related traits in
this and previous studies All the above QTNs/QTLs for seed oil-
related traits in this study were integrated with 435 QTLs and
259 QTNs in Soybase, and 196 clusters were identified. Among
these clusters, 79, 71, 81, 81, 79, and 87 were found to be associ-
ated with PA, SA, OA, LA, LNA, and OIL, respectively (Table A.12).
All the above QTNs for seed size-related traits in this study were
integrated with 359 QTLs and 127 QTNs in Soybase, and 237 clus-
ters were identified in this study. Among these clusters, 79, 84, 83,
69, 67, 72, and 75 were associated with SL, SW, ST, SLW, SLT, SWT,
and 100SW, respectively (Table A.13).

3.4. Domestication and improvement loci and their candidate genes

The above 196 and 237 clusters were compared with the above
domestication and improvement regions in order to obtain domes-
tication and improvement loci for seed size- and oil-related traits.
As a result, a total of 113 domestication and 103 improvement loci
for seed oil-related traits were identified (Table A.12), while a total
of 132 domestication and 118 improvement loci for seed size-
related traits were identified (Table A.13).

Genes around the above domestication and improvement
loci We searched all the genes within each domestication or
improvement locus. As a result, 11,731 and 8,214 genes were



Fig. 5. The loci for seed oil- and size-related traits in soybean. a, QTNs and candidate genes for palmitic acid (I), stearic acid (II), oleic acid (III), linoleic acid (IV), linolenic acid
(V), oil content (OIL, VI), seed length (VII), seed width (VIII), seed thickness (IX), length-to-width ratio (X), length-to-thickness ratio (XI), width-to-thickness ratio (XII) and
100-seed weight (XIII) using mrMLM v4.0.2 software. b, QTLs and candidate genes for seed oil-related by QTL mapping and bulked segregant analysis (BSA). I: candidate genes
for seed oil-related traits using QTL mapping; II�VII: QTLs for palmitic acid (II), stearic acid (III), oleic acid (IV), linoleic acid (V), linolenic acid (VI) and oil content (VII) using
QTL mapping; VIII: candidate genes for seed linoleic acid (LA) and oil content (OIL) using BSA; IX�XII: QTLs detected in LA_OC (IX), LA_RC (X), OIL_OC (XI) and OIL_RC (XII)
extreme pools. OC: orthogonal cross; RC: reciprocal cross. The loci or candidate genes repeatedly identified are marked by magenta line, while the others are marked by black
line. The loci or candidate genes associated with multiple traits are marked by red color, while the others are marked by black color. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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found to be within 113 domestication and 103 improvement loci
for seed oil-related traits, respectively, and 12,999 and 8,941 genes
were found to be within 132 and 118 loci for seed size-related
traits, respectively. Among these genes, eleven were previously
verified through functional experiments to regulate seed oil meta-
bolism, such as GmNFYA [15], GmFATB2B [60], GmDGAT1A [61], B1
[17], GmFATB1B [60], GmFATA1A [60], and Glyma20g21376 [62]
around domestication loci, and GmNFYA [15], GmbZIP123 [63],
FAD2-1A [64], GmSACPD-C [65], and GmSWEET39 / GmSWEET10a
[14] around improvement loci, whereas three were previously ver-
Table 1
The previously reported genes around domestication and improvement loci for seed oil- a

Gene Symbol SNP

No. Genome region NoH EH

Known genes around domestication loci for seed oil-related traits
Glyma02g47380 GmNFYA 9 30UTR; 50UTR; UP 7 Hap1
Glyma06g23560 GmFATB2B 6 30UTR; 50UTR; UP 6 Hap2
Glyma13g16560 GmDGAT1A 2 30UTR; CDS 3 Hap1
Glyma13g31540 B1 8 30UTR; 50UTR; UP; CDS 5 Hap2
Glyma17g12940 GmFATB1B 3 30UTR; 50UTR; UP 5 Hap3
Glyma18g36130 GmFATA1A 2 UP 3 Hap1
Glyma20g21376 3 UP 3 Hap1
Known genes around improvement loci for seed oil-related traits
Glyma02g47380 GmNFYA 11 30UTR; 50UTR; UP 7 Hap1
Glyma06g01240 GmbZIP123 1 CDS 2 Hap2
Glyma10g42470 FAD2-1A 2 30UTR; CDS 3 Hap1
Glyma14g27990 GmSACPD-C 3 30UTR; 50UTR; UP 3 Hap1, Hap
Glyma15g05470 GmSWEET39 7 30UTR; CDS 3 Hap1
Known genes around improvement loci for seed size-related traits
Glyma10g38970 GmBS1 2 UP 2 Hap1
Glyma15g05470 GmSWEET39 7 30UTR; CDS 3 Hap1
Glyma17g04040 GmCIF1 2 CDS 4 Hap1

30UTR: 30 untranslated region; 50UTR: 50 untranslated region; UP: upstream; CDS: Codin
ANOVA for the traits of interest across various haplotypes.
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ified through functional experiments to regulate seed size / weight
traits, such as GmBS1 [66], GmSWEET39 / GmSWEET10a [14], and
GmCIF1 [67] around improvement loci (Table 1).

The genotypic datasets of 302 soybean accessions in Zhou et al.
[12] were used to detect the significances of allelic frequency dif-
ferences for these known genes during soybean domestication
and improvement. As a result, at least one SNP within each known
gene was found to have significant differences (P � 0.05;
Table A.14). These SNP variants were used to conduct haplotype
analysis for seed oil content (172 accessions) and weight (134
nd size-related traits.

Wild
soybean

Landrace Bred soybean P-value Reference

NoH % EH NoH % EH NoH % EH

6 3.23 5 47.83 2 80.56 1.16E-23 [15]
5 3.12 4 11.54 4 58.33 2.60E-22 [60]
3 4.65 3 47.37 2 73.68 1.01E-29 [61]
3 0.00 3 6.10 2 46.15 6.79E-46 [17]
5 3.03 4 5.06 2 32.43 2.09E-36 [60]
3 8.11 3 79.75 2 97.50 3.45E-26 [60]
3 43.75 3 95.18 1 100.00 2.41E-13 [62]

6 3.45 5 48.57 2 80.56 1.16E-22 [15]
2 2.22 2 49.37 2 4.88 4.37E-02 [63]
3 33.33 3 65.82 2 94.74 1.20E-09 [64]

2 3 89.74 2 100.00 2 100.00 9.54E-04 [65]
2 6.90 3 82.50 1 100.00 8.65E-33 [14]

2 35.29 2 89.74 2 90.32 1.59E-06 [66]
2 0 3 82.28 1 100 1.16E-19 [14]
3 5.88 3 87.65 1 100 8.19E-12 [67]

g sequence. NoH: No. of haplotypes; EH: elite haplotype. P-value is obtained from
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accessions), for which trait phenotypes were downloaded from the
USDA GRIN database. The result showed that all the differences of
seed weight and oil content across various haplotypes for all the
known genes were significant (Table 1).

High expression genes The expression datasets at seed devel-
opmental stages from Jones and Vodkin [44], Machado et al. [46]
and Severin et al. [47] were used to conduct high expression anal-
ysis (Fig. 3c and 4d-e). Within domestication and improvement
loci, as a result, there were a total of 5,709 and 4,049 high expres-
sion genes at seed oil accumulation stages for seed oil-related traits
and a total of 6,415 and 4,506 high expression genes at seed devel-
opment stages for seed size-related traits.

The SNP variance and annotation The genotypic datasets of
302 soybean accessions of Zhou et al. [12] were used to detect
the significant differences of SNPs within high expression genes
and their upstream regulation regions between wild and landrace
soybeans and between landrace and bred soybeans. As a result, a
total of 5,709 (100%) potential candidate domestication (PCD)
and 2,647 (65.37%) potential candidate improvement (PCI) high
expression genes for seed oil-related traits were found to have sig-
nificant differences of allelic frequencies (P � 8.61e-8 for domesti-
cation; P � 1.17e-7 for improvement), and a total of 6,415 (100%)
PCD and 2,905 (64.47%) PCI high expression genes for seed size-
related traits were found to have significant differences of allelic
frequencies (P � 7.81e-8 for domestication; P � 1.08e-7 for
improvement).

We used the software SnpEff [51] to annotate the SNP variations
in the above significantly different genes. As a result, a total of
3,053 PCD and 683 PCI genes with LOF variants, 4,084 PCD and
982 PCI genes with UTR variants, and 5,534 PCD and 2,177 PCI
genes with upstream variants were identified for seed oil-related
traits, while a total of 3,402 PCD and 753 PCI genes with LOF vari-
ants, 4,603 PCD and 1,092 PCI genes with UTR variants, and 6,232
PCD and 2,400 PCI genes with upstream variants were identified
for seed size-related traits.

Differential expression analysis The expression datasets of
two wild, two landrace, and two bred soybeans from Niu et al.
[25] and Liu et al. [49] were used to mine all the PCD and PCI genes
with UTR and upstream variants. As a result, 2,060 (2,567) PCD and
323 (716) PCI genes with UTR (upstream) variants were identified
for seed oil-related traits to have differential expression levels
between wild and landrace soybeans and between landrace and
bred soybeans, respectively, and 2,309 (2,895) PCD and 358 (797)
PCI genes with UTR (upstream) variants were identified for seed
size-related traits to have differential expression levels between
wild and landrace soybeans and between landrace and bred soy-
beans, respectively (Tables A.15 and A.16).

These differentially expressed genes, along with the above LOF
variant genes, were used to conduct the following analysis, includ-
ing 4,338 PCD and 1,260 PCI genes for seed oil-related traits, and
4,886 PCD and 1,376 PCI genes for seed size-related traits.

Further selection of PCD and PCI genes The above PCD and PCI
genes were further selected via special expression analysis in seed,
micoRNA (miRNA) regulation analysis, the common candidate
lipid-metabolism-related genes with those in Zhang et al. [45],
and KEGG analysis. First, the RNA-seq datasets of 14 soybean tis-
sues from Severin et al. [47] were used to identify genes with
seed-specific expression. As a result, 85 PCD and 35 PCI genes for
seed oil-related traits (Fig. A.6a) and 96 PCD and 39 PCI genes for
seed size-related traits (Fig. A.6b) were specifically expressed in
seed rather than in other tissues (Fig. 4e).

Then, the website psRNATarget was used to predict the binding
of miRNA with the above UTR variant genes. As a result, some SNPs
among 23 PCD and 7 PCI genes for seed oil-related traits and
among 25 PCD and 7 PCI genes for seed size-related traits were
identified to be located on their miRNA binding regions
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(Table A.17). Next, 104 PCD and 41 PCI genes for seed oil-related
traits were found to be consistent with the candidate lipid-
metabolism-related genes in Zhang et al. [45]. Finally, all the
remaining PCD and PCI genes were used to conduct KEGG analysis.
As a result, 34 PCD and 13 PCI genes for seed oil-related traits and
122 PCD and 31 PCI genes for seed size-related traits were identi-
fied to be associated with lipid metabolism and seed development,
respectively (Table A.18).

DNA methylation The above differential expression and LOF
variant genes were compared to 4248 differentially methylated
domestication and 1164 differentially methylated improvement
regions in Shen et al. [58]. As a result, a total of 92 PCD and 10
PCI genes for seed oil-related traits and 110 PCD and 10 PCI genes
for seed size-related traits were located in differentially methy-
lated regions (Table A.19).

In summary, 327 CDGs and 103 CIGs for seed oil-related traits
and 343 CDGs and 85 CIGs for seed size-related traits were
identified.

3.5. Validation of CDGs and CIGs for seed size- and oil-related traits

Further identification of SNP variants in 30 genomic
sequences We downloaded 26 soybean genomic sequences of
Liu et al. [53] and 4 soybean genomic sequences from Soybase,
including 5 wild, 10 landrace, and 15 bred soybeans, and aligned
the sequences of the above CDGs and CIGs in 30 genomes. As a
result, most SNP variants in 302 accessions were also found in 30
genomes, and 220 CDGs and 90 CIGs for seed oil-related traits
and 164 CDGs and 57 CIGs for seed size-related traits were found
to have common SNP variants between 30 genomes and 302
accessions.

Haplotype analysis for CDGs and CIGs The further identified
SNP variants in 30 genomes were used to conduct haplotype anal-
ysis, and the phenotypic values of haplotypes for seed oil content
and weight were calculated, respectively, from 172 soybean acces-
sions and 134 soybean accessions, which were downloaded from
the USDA GRIN database. As a result, significant differences in seed
weight or oil content were observed among haplotypes in 197
CDGs and 65 CIGs for seed oil-related traits and in 139 CDGs and
36 CIGs for seed size-related traits (Table A.20; Figs. 3d-f, 4g-i
and A.7 to A.10).

For the above-mentioned 196 CDGs for seed oil-related traits
and 138 CDGs for seed size-related traits (Table A.20; Figs. 3, A.7,
and A.9), the frequencies of elite haplotypes increased from wild
to landrace soybeans, such as GmGA2OX2 for seed size-related
traits; the frequency of elite haplotype Hap1 increased from
0.00% (wild) to 66.67% (landrace) (Fig. 3). The same situation could
be found for DGK1,mtACP1, LOX, LACS2, LACS9, DES1.2, GmOLE9, and
BCCP2. For the above-mentioned 61 CIGs for seed oil-related traits
and 27 CIGs for seed size-related traits (Table A.20; Figs. 4, A.8 and
A.10), the frequencies of elite haplotypes increased from landrace
to bred soybeans, such as GmMFT for seed oil-related traits; the fre-
quency of elite haplotype Hap1 increased from 66.67% (landrace)
to 92.31% (bred) (Fig. 4). Interestingly, 13 seed oil-related and 2
seed size-related candidate genes simultaneously underwent both
domestication and improvement processes. The frequencies of
elite haplotypes increased from wild to landrace soybeans and
from landrace to modern cultivars (Table A.20; Figs. A.7-A.10), such
as Glyma04g36170 for seed oil-related traits; the frequency of elite
haplotype Hap1 increased from 0.00% (wild) to 46.97% (landrace),
and from 46.97% (landrace) to 78.95% (bred).

GO enrichment analysis for CDGs and CIGs The above CDGs
and CIGs were used to conduct GO enrichment analysis via the
KOBAS software. The results were listed in Table A.21. As a result,
11 and 11 out of 23 and 49 terms significantly enriched from the
CDGs and CIGs, respectively, for seed oil-related traits that were
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found to be associated with lipid metabolism; the former includes
‘‘fatty acid biosynthetic process”, ‘‘triglyceride biosynthetic pro-
cess”, and ‘‘lipid transporter activity”, while the latter includes
‘‘fatty acid elongation”, ‘‘phospholipase D activity”, ‘‘phospholipid
catabolic process”, ‘‘acetyl-CoA biosynthetic process from pyru-
vate”, and ‘‘long-chain fatty acid-CoA ligase activity”; 2 and 3 out
of 8 and 37 terms significantly enriched from the CDGs and CIGs,
respectively, for seed size-related traits that were found to be asso-
ciated with seed development; the former includes ‘‘ubiquitin-
dependent protein catabolic process” and ‘‘ubiquitin conjugating
enzyme activity”, while the latter includes ‘‘protein polyubiquiti-
nation”, ‘‘cell tip growth”, ‘‘brassinosteroid mediated signaling
pathway”, and ‘‘response to abscisic acid”. Among the above 28
terms, there are 32 seed oil and 10 seed size previously reported
genes (Table A.21). These results confirmed the reliability of these
CDGs and CIGs in this study.

4. Discussion

As shown in Fig. 2, there are significant differences of seed size-
and oil-related traits in the domestication and improvement pro-
cesses. Although some candidate genes for these traits had been
mined in previous studies [12,15,22], the knowledge is limited
owing to materials, genetic diversity indicators, and genetic analy-
sis approaches. To overcome these issues, 534 CDRs and 458 CIRs
from 286 soybean accessions via the XP-CLR method in this study
were integrated with those in five [9–13] and three [9,10,12] pre-
vious studies, respectively, to obtain the 952 CDRs and 538 CIRs
(Tables A.5 and A.6; Figs. 3-4), while 1469 loci for soybean seed
size- and oil-related traits via GWAS, QTL mapping, and BSA in this
study were integrated with those in Soybase to obtain the 433 QTL
clusters for these traits. All the above CDRs and CIRs were inte-
grated with all the above loci to obtain the trait-related 245
domestication and 221 improvement loci (Tables A.11 and A.12).
Around these trait-related domestication and improvement loci,
all the genes were scanned by using gene expression, SNP variant
in genotype and genome, miRNA binding, KEGG pathway, DNA
methylation, and haplotype analysis in order to obtain 372 CDGs
and 87 CIGs for these traits (Table A.22; Figs. 3-4 and A.11-34).
Thus, systematic and summary results were reported in this study.
This technique route is different from those in previous studies.
Most previous studies focus on genetic diversity at the genome-
wide level to determine CDRs and CIRs, such as Li et al. [9], Song
et al. [10], Chung et al. [11], Zhou et al. [12], and Zhou et al. [13],
and some candidate genes in association and linkage studies were
found to be domesticated or improved, such as in Miao et al. [68]
and Zhang et al. [18]. In addition, newly developed methodologies
in GWAS, QTL mapping, and BSA were adopted in this study to
identify more genetic loci [34,43,69]. Although domestication/im-
provement regions and trait-related loci, along with those in previ-
ous studies, had been identified as far as possible, some
domestication and improvement genes may not be found due to
population limitations.

4.1. Candidate domestication genes can explain the differences of seed
oil- and size-related traits during soybean domestication

The known genes and the above-mentioned CDGs were used to
dissect why seed weight and oil content increased during soybean
domestication in two aspects.

First, the frequencies of elite haplotypes in seven known genes
(GmNFYA [15], GmFATB2B [60], GmDGAT1A [61], B1 [17], GmFATB1B
[60], GmFATA1A [60], and Glyma20g21376 [62]) around domestica-
tion loci for seed-oil-related traits and 196 seed-oil-related and
138 seed-size-related CDGs are higher in landrace soybean than
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in wild soybean (Table A.20; Figs. A.7 and A.9), such as known gene
GmNFYA [15] for seed oil-related traits, for which the frequency of
its elite haplotype Hap1 increased from 3.23% (wild) to 47.83%
(landrace); GmOLE9 for seed oil-related traits, for which the fre-
quency of its elite haplotype Hap1 increased from 26.92% (wild)
to 98.81% (landrace) (Fig. A.11h, i). Among these CDGs, GmOLE9
(homologous to GmOLEO1; [18]) has been found to increase seed
size or oil content during soybean domestication. This indicates
the potential of these CDGs for increasing seed size and oil content
during soybean domestication.

Second, the variants of amino acid sequences and expression
levels of the above-mentioned CDGs may result in phenotypic
changes of seed size- and oil-related traits during soybean domes-
tication. In this study, on one hand, we observed the variants of
amino acid sequences in two known genes (GmDGAT1A [61] and
B1 [17]) around domestication loci for seed-oil-related traits and
82 seed-oil-related and 67 seed-size-related CDGs (Table A.20);
e.g., three non-synonymous mutations in known gene B1 [17]
and one non-synonymous mutation in GmLPTA2 changed amino
acid sequences. LOF mutation in a unique gene necessarily results
in different phenotypes [70]. In previous studies, the changes of
amino acid sequences have been found to affect trait phenotypes
[4,17,21]. Thus, we deduce that the variations of amino acid
sequences in our 117 CDGs may change the phenotypes of seed
size or oil content during soybean domestication (Table A.20). On
the other hand, gene expression levels can be affected by variations
of gene regulatory and miRNA binding regions and epigenetic
modification. In this study, we detected the variants of regulatory
regions in seven known genes (GmNFYA [15], GmFATB2B [60],
GmDGAT1A [61], B1 [17], GmFATB1B [60], GmFATA1A [60], and Gly-
ma20g21376 [62]) around domestication loci for seed-oil-related
traits and 196 seed oil-related and 139 seed size-related CDGs
(Table A.20), such as, five SNP domestication loci in 30UTR, 50UTR,
and upstream regulatory regions of known gene B1 [17]; and seven
SNP domestication loci in 30UTR, 50UTR, and upstream regulatory
regions of GmOLE9 (Fig. A.11g). This gene was highly and specifi-
cally expressed, in seed rather than other tissues, at oil accumula-
tion stage (Fig. A.11d-e), and differentially expressed at the middle
seed development stage between ten wild soybeans and ten culti-
vated soybeans (P-value < 0.05; Fig. A.11f; [14]). Thus, these varia-
tions may lead to the changes of gene expression levels. In this
study, we also found the variants of miRNA binding regions in 24
seed oil-related and 25 seed size-related CDGs in 302 soybean
accessions [12] and 30 soybean genomes ([53]; Soybase;
Table A.17), such as one SNP domestication locus in 30UTR and
miRNA binding region of UPL3. This gene was highly expressed at
oil accumulation stage, and differentially expressed at early seed
development stage between ten wild and ten cultivated soybeans
(P-value < 0.01; [14]). Thus, these variations may lead to the
changes of gene expression levels. In this study, we still found sig-
nificant differences of DNA methylation degrees between wild and
landrace soybeans in 92 seed oil-related and 110 seed size-related
CDGs (Table A.19); e.g., the DNA methylation degrees of domesti-
cation genes ACCase1 and CYP51G1 in landrace soybean are signif-
icantly lower than those in wild soybean [58]. All the above-
mentioned CDGs were differentially expressed between two wild
and two landrace soybeans (Table A.15). In previous studies, it
has been shown that the changes of gene expression levels resulted
in significant differences of trait phenotypes [71]. Thus, we deduce
that the variations of gene regulatory and miRNA binding regions
and epigenetic modification may result in the phenotypic changes
of seed size- and oil-related traits during soybean domestication.

In addition, 26 seed-oil-related and 25 seed-size-related CDGs
in the above-mentioned CDGs were found to encode proteins with
unknown functions (Table A.21).
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4.2. Candidate improvement genes can explain the differences of seed
oil- and size-related traits during soybean improvement

The known genes and the above-mentioned CIGs were used to
dissect why seed weight and oil content increased during soybean
improvement in two aspects.

First, the frequencies of elite haplotypes in three known genes
(GmNFYA [15], FAD2-1A [64], and GmSWEET39 / GmSWEET10a
[14]) around improvement loci for seed oil-related traits, three
known genes (GmBS1 [66], GmSWEET39 / GmSWEET10a [14], and
GmCIF1 [67]) around improvement loci for seed size-related traits,
and 61 seed-oil-related and 27 seed-size-related CIGs are higher in
bred soybean than in landrace soybean (Table A.20; Figs. A.8 and
A.10), such as known gene GmNFYA [15] for seed oil-related trait,
which has an increased frequency of its elite haplotype Hap1 from
48.57% (landrace) to 80.56% (bred) and KAS III for seed oil-related
traits, which has an increased frequency of its elite haplotype
Hap1 from 38.24% (landrace) to 88.24% (bred) (Fig. A.8). Among
these CIGs and their homologous genes, GmLPAT5 [72] and GmKAS
III (homologous to KAS III in many plants; [73,74]) have been found
to increase seed size and/or oil content during soybean improve-
ment. This indicates the potential of these CIGs for increasing seed
size and oil content during soybean improvement.

Second, the variants of amino acid sequences and expression
levels of the above-mentioned CIGs may result in phenotypic
changes of seed size- and oil-related traits during soybean
improvement. In this study, on one hand, we observed the variants
of amino acid sequences in three known genes (GmbZIP123 [63],
FAD2-1A [64], and GmSWEET39 / GmSWEET10a [14]) around
improvement loci for seed oil-related traits, two known genes
(GmSWEET39 / GmSWEET10a [14], and GmCIF1 [67]) around
improvement loci for seed size-related traits, and 31 seed oil-
and 20 size-related CIGs (Table A.20), for example, two non-
synonymous mutations in known gene GmSWEET39 / GmSWEET10a
[14] changed amino acid sequences. Here we found the change of
amino acid sequences owing to two non-synonymous mutations
of GmLPAT5, while Angkawijaya et al. [72] confirmed the regulation
of LPAT5 in Arabidopsis involved in glycerolipid metabolism. As
described above, the changes of amino acid sequences have been
found to affect trait phenotypes. Thus, we deduced that the varia-
tions of amino acid sequences in our 40 CIGs may change the phe-
notypes of seed size or oil content during soybean improvement
(Table A.20). On the other hand, gene expression levels can be
affected by epigenetic modification and the variations of both gene
regulatory and miRNA binding regions. In this study, we detected
variants of regulatory regions in four known genes (GmNFYA [15],
FAD2-1A [64], GmSACPD-C [65], and GmSWEET39 / GmSWEET10a
[14]) around improvement loci for seed oil-related traits, two
known genes (GmBS1 [66], and GmSWEET39 / GmSWEET10a [14])
around improvement loci for seed size-related traits, and 67 seed
oil-related and 39 seed size-related CIGs (Table A.20), such as five
SNP improvement loci in 30UTR of known gene GmSWEET39 /
GmSWEET10a [14]; 18 SNP improvement loci in upstream regula-
tory regions; 30UTR of GmMFT (Fig. 4g), which was highly and
specifically expressed, in seed rather than other tissues, at oil accu-
mulation stage (Fig. 4d-e), and differentially expressed at the mid-
dle seed development stage between ten wild soybeans and ten
cultivated soybeans (P-value < 0.001; Fig. 4f; [15]). Thus, these
variations may lead to the changes of gene expression levels. We
also found variants of miRNA binding regions in 7 seed oil-
related and 7 seed size-related CIGs in 302 soybean accessions
[12] and 30 soybean genomes ([53]; Soybase; Table A.17), such
as one SNP improvement locus in 50UTR and miRNA binding region
of SCPL40, which was highly and specifically expressed at oil accu-
mulation stage (Fig. A.6a), and differentially expressed between
landrace and bred soybeans (P-value < 0.001; Table A.16). Thus,
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these variations may lead to the changes of gene expression levels.
We also found significant differences of DNA methylation degrees
between landrace and bred soybeans in 10 seed oil-related and 10
seed size-related CIGs (Table A.19); e.g., the DNA methylation
degree of improvement gene Glyma02g12460 in bred soybean is
significantly lower than that of landrace soybean [58]. All the
above-mentioned CIGs were differentially expressed between
two landrace and two bred soybeans (Table A.16). In previous stud-
ies, the changes of gene expression levels resulted in significant
differences of trait phenotypes [71]. Thus, we deduced that epige-
netic modification and the variations of gene regulatory and
miRNA binding regions may result in the phenotypic changes of
seed size- and oil-related traits during the soybean improvement
process.

In addition, 5 seed-oil-related and 5 seed-size-related CIGs in
the above-mentioned CIGs were found to encode proteins with
unknown functions (Table A.22).

4.3. Pleiotropic genes for seed size- and oil-related traits in soybean

Gene pleiotropy is a common phenomenon in the genetic dis-
section of complex, domesticated and improved traits [75,76];
e.g., Q regulates free threshing ability, panicle length, plant height,
and heading date in Triticum aestivum [75], and GAD1 regulates
grain number, grain length, and awn development in rice domesti-
cation [76].

Among all the 372 CDGs and 87 CIGs in this study, 356 CDGs
and 81 CIGs were found to be associated with at least two traits.
258 CDGs and 70 CIGs were found to be associated with at least
two seed oil-related traits, explaining the correlation of seed oil-
related traits. The same phenomenon was also found by Zhang
et al. [21] and Zhou et al. [77]. 237 CDGs and 40 CIGs were found
to be associated with at least two seed size-related traits, explain-
ing the correlation of seed size-related traits. The same phe-
nomenon was also found by Xu et al. [78] and Niu et al. [25].
152 CDGs and 32 CIGs were found to be associated with both at
least one seed size-related trait and at least one seed oil-related
trait, explaining the correlation between seed oil-related traits
and seed size-related traits. The same phenomenon was also found
by the canonical correlation analyses of Liu et al. [19].

4.4. Available genes for future soybean improvement

In our opinion, the above-mentioned CDGs and CIGs with low
elite haplotype frequency and unknown functions (or coding pro-
teins) are relevant to future soybean improvement of seed size-
and oil-related traits (Table A.23). The discovery of important crop
domestication/improvement genes can accelerate breeding selec-
tions and facilitate ideal crop designs [79].

The elite haplotype frequencies of two known genes (GmFATB1B
[60] and Glyma20g21376 [62]) around domestication loci for seed
oil-related traits, three known genes (FAD2-1A [64], GmSACPD-C
[65], and GmSWEET39 / GmSWEET10a [14]) around improvement
loci for seed oil-related traits, three known genes (GmBS1 [66],
GmSWEET39/GmSWEET10a [14], and GmCIF1 [67]) around improve-
ment loci for seed size-related traits, 147 CDGs and 32 CIGs for
seed oil-related traits, and 105 CDGs and 25 CIGs for seed size-
related traits were more than 90% in bred soybeans, while one
known gene (B1 [17]) around domestication loci for seed oil-
related trait, one known gene (GmbZIP123 [63]) around improve-
ment loci for seed oil-related trait, 17 seed-oil-related CDGs, 5
seed-oil-related CIGs, 12 seed-size-related CDGs, and 4 seed-size-
related CIGs with elite haplotype frequencies<50% in bred soy-
beans (Table 1 and A.20; Figs. A.7-A.10 and A.35) can be exploited
for the improvement of soybean cultivars, e.g., known genes B1
(46.15% in bred soybeans; [17]) and Glyma02g07250 (43.59% in
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bred soybeans). The same situation can be found for GmbZIP123
[63], LACS9, PLC2, HCD1, and MYB30 (Table 1 and A.23; Figs. A.7-
A.10). These elite haplotypes of CDGs and CIGs may be transferred
into main cultivars in soybean production without the elite haplo-
types in order to improve their seed size and oil content (Fig. 1).

26 CDGs and 5 CIGs for seed oil-related traits and 25 CDGs and 5
CIGs for seed size-related traits with unknown gene function were
identified in this study (Tables A.22-A.23), including Gly-
ma02g16660 and Glyma04g36170. Although the function of these
genes is unknown, these candidate genes may regulate seed oil-
related traits. Thus, these genes may be of breeding value.

By counting the number of elite haplotypes in each of the 302
soybean accessions, 3 landrace and 14 improved soybeans were
identified to have more than 90% elite haplotypes. Among these
cultivars, there are one landrace and seven improved cultivars for
seed oil content and 2 landrace and 11 improved cultivars for seed
weight, such as PI547716 (Table A.24). These accessions may be
used as main parents in soybean breeding. In addition, we found
that almost all the 62 wild soybeans had less than 30% elite haplo-
types, while 17 landrace and 2 improved soybeans had less than
30% elite haplotypes, such as Hu PI Dou (Table A.25). Thus, we
speculated that these accessions may be improved by the introduc-
tion of elite genes for seed size- and oil-related traits, although
their functions in molecular biology and roles in soybean breeding
need to be further verified.

Recently, Zhuang et al. [80] assembled chromosome-level gen-
omes of representative perennial species and constructed a Glycine
super-pangenome framework. Zhuang et al. [80] compared the dif-
ferences between annual and perennial diploid soybeans, and one
of their purposes was to mine candidate genes responsible for the
transition from perennial to annual soybeans. In contrast, our
study focused on mining candidate domestication and improve-
ment genes for seed oil- and size-related traits; these genes are
used to explain the trait differences between wild and landrace
soybeans and between landrace and bred soybeans, in which the
wild, landrace, and bred soybeans are annual diploid soybean.

Recently, our team established a new compressed variance
component mixed model framework in GWAS [81,82]. Although
this method can detect all types of loci and estimate their effects
conditional on fully controlling all the possible polygene back-
grounds, we adopted our multi-locus GWAS approaches in this
study for the following reasons. First, the estimated effects of QTNs
in our multi-locus GWAS methods are additive effects when the
marker genotypes are homozygous in our association mapping
population. Second, QTN-by-environment and QTN-by-QTN inter-
actions are not involved in this study. Thus, it is unnecessary to
adopt our new 3VmrMLM method.
5. Conclusion

Among 952 domestication and 538 improvement regions in this
and previous studies, 300 domestication and 408 improvement
regions were newly identified, while among 196 seed oil-related
trait and 237 seed size-related trait loci in this and previous stud-
ies, 103 and 173 were newly detected, respectively. Around 66
domestication and 56 improvement loci, seven known domestica-
tion and seven known improvement genes were identified, and
372 candidate domestication and 87 candidate improvement genes
were mined from multi-omics analysis. Among these candidate
genes, their frequencies of elite haplotypes, base mutations in cod-
ing region, and three factors affecting their expression levels were
used to elucidate the trait changes in domestication and improve-
ment processes. In addition, we found that 56 domestication and
15 improvement genes may be valuable, 17 soybean accessions
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may be used as main parents, and 19 soybean accessions could
be further improved in future soybean breeding.
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