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SUMMARY

After millennia of domestication, dissemination, and improvement, soybean has evolved into a globally sig-
nificant leguminous crop. Addressing how soybeans adapt to diverse planting environments and breeding
objectives will facilitate future breeding advancements. Here, we systematically investigated the genes under
selection of 8,105 soybean accessions underlying domestication, dissemination, and improvement. The an-
alyses revealed that black soybeans serve as a critical domestication intermediate, and soybean domestica-
tion traits were selected in a stepwise manner. Comparisons across accessions from diverse geographical
areas and historical eras identified numerous selected genes that have contributed to trait enhancement
and environmental adaptation during the global dissemination and unveiled a temporal shift of breeding pri-
orities in soybean improvement in China. To highlight the allele utilization among soybean varieties, we con-
structed a variation map and quantitative trait nucleotide (QTN) library. Our findings provide valuable insights
and serve as a critical resource for understanding soybean domestication and informing breeding strategies.

INTRODUCTION

Soybean (Glycine max (L.) Merr.) was first domesticated from its
wild progenitor (Glycine soja Siebold & Zucc.) in China approxi-
mately 5,000 to 6,000 years ago and subsequently spread to
Eastern and Southeast Asia by the mid-fifteenth century, reach-
ing Europe in 1740, North America in 1765, and Central and
South America in the early twentieth century. The expansion of
soybean planting areas has greatly increased total soybean pro-
duction. Nowadays, it has become a globally significant legumi-
nous crop that serves as a primary source of protein and oil for
both human consumption and animal feed."?

Food and Agriculture Organization (FAOQ) statistical data reveal
that global soybean production has increased approximately
13-fold over the past 6 decades. This growth mirrors the esca-
lating demand for soybeans. In reality, the substantial increase

in total soybean production can primarily be attributed to the
expansion of cultivated areas. In view of the escalating demands
from an expanding global population, it is imperative to signifi-
cantly enhance soybean production.® This necessity is further
compounded by the challenges posed by climate change, pests,
and diseases. Therefore, there is a substantial need to develop
soybean cultivars with enhanced yield and oil and protein con-
tent, as well as improved stress resilience.*

The domestication and dissemination entailed rigorous selec-
tion for agronomically desirable traits. For instance, in the
domestication process, the traits of a more upright plant archi-
tecture, stronger stems, reduced pod dehiscence, larger seed
size, and increased oil content in seeds were strongly
selected,”'® whereas, in the dissemination process, the
traits of adaptation to diverse environmental conditions,
including variations in photoperiod, temperature, disease, and
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pest pressures, were significantly selected.”’™"" In the past
several decades, continuous genetic improvement significantly
increased the yield and seed oil content in developed
varieties.'®%?

The selections in these processes have driven dynamic
changes in the soybean genome.?*?* Understanding the ge-
netic changes underlying soybean domestication, dissemina-
tion, and improvement; identifying key genes involved in agro-
nomic trait selection; and elucidating their genetic diversity
within natural populations are critical for the comprehensive uti-
lization of soybean genetic resources. This knowledge is essen-
tial to accelerate breeding programs focused on enhancing
yield, stress tolerance, and adaptability to diverse environ-
mental conditions.?>>’

Over the past decade, a number of studies have examined the
genetic diversity and genomic introgression among wild soy-
beans, landraces, and modern cultivars.”®™' These investiga-
tions have offered valuable insights into the processes of selec-
tion and genomic introgression that have occurred during
soybean domestication and improvement. However, our under-
standing of the genetic evolution of the extensively developed
genetic resources remains limited. For instance, the genetic var-
iations of the key genes conferring desirable agronomic traits
during domestication and global dissemination are not fully char-
acterized, and even the soybean domestication origin and
detailed process are still unclear and controversial.>>~>* Further-
more, modern cultivars are primarily high-yield, high-oil varieties
with yellow seed coats, and the significance of certain distinctive
landraces, such as black soybeans, in the domestication pro-
cess is largely unexplored.

Here, we comprehensively investigated the evolutionary tra-
jectory of 8,105 soybean accessions, encompassing wild
relatives, landraces, and improved cultivars, to elucidate the pro-
cesses of soybean domestication, dissemination, and improve-
ment. We found that black soybeans are an important intermedi-
ate in the history of soybean domestication and revealed the
stepwise selection of traits and genes. We also elucidated the
allelic diversity of the selected genes in the soybean dissemina-
tion and improvement. Moreover, we constructed a variation
map comprising 8,105 soybean accessions and established a
soybean quantitative trait nucleotide (QTN) library and an online
genetic variation database (https://ngdc.cncb.ac.cn/soyomics/
breedingtips) for selected genes. Our findings shed light on the
intricate interplay of domestication events, breeding strategies,
and environmental pressures in shaping current soybean diver-
sity, offering avenues for the identification of functional genes
and genetic improvement.

RESULTS

Genetic variations of 8,105 soybean accessions

To investigate the complex processes of soybean domestication
and selective breeding, we compiled resequencing data of a to-
tal of 8,105 soybean accessions from multiple published studies
(see STAR Methods). These accessions consisted of 1,334 wild
soybeans, 1,045 landraces, 5,716 improved cultivars, and 10
G. gracilis (Table S1; Figure S1A) that spanned a broad
geographical range, encompassing China, the Korean Penin-

2 Cell 188, 1-17, November 13, 2025

Cell

sula, Southeast Asia, India, Japan, various European countries,
Russia, the United States, Brazil, and Canada (Figure 1A).

We mapped the raw sequencing data (~68.19 Tb of paired-
end reads) against the soybean “Zhonghuang 13” (ZH13_v2.0)
reference genome®**® and identified 48,563,254 single-nucleo-
tide polymorphisms (SNPs) and 10,820,675 insertions/deletions
(indels). As expected, the genetic variations are mainly located in
the intergenic regions and the intronic regions (Figure S1B).
Consistent with previous studies,”?**"~*° the genetic diversity
of wild soybeans was found to be higher compared with both
landraces and improved cultivars (Figure S1C), while the extent
of linkage disequilibrium (LD), as indicated by r?, was lower in
wild soybeans relative to both landraces and improved cultivars
(Figure S1D).

Genomic architecture of black soybeans uncovers
potential origins of soybean domestication

Population structure and phylogenetic analyses demonstrated
that all wild lines clustered into a single group; meanwhile, the
classification of landraces and improved cultivars exhibited a
pronounced correlation with their geographical distribution
(Figures 1B and 1C), which was in accordance with previous re-
ports.?*?*41743 Notably, our admixture analysis and phyloge-
netic analysis revealed that certain cultivated soybeans possess
distinct genomic structures that differ significantly from those of
other cultivated soybeans (Figures 1B, 1C, and S1E). Upon re-
viewing their sample information, most of these materials were
classified as black soybeans, which are characterized by their
distinctive black seed coats. In fact, most studies of black soy-
beans have thus far been limited to their nutritional and compo-
sitional properties,** with few studies having been conducted at
the population-genetic level.

Further investigation of the phylogenetic tree revealed that
these black soybeans were evolutionarily more closely related
to wild soybeans (Figure 1B). It has been widely acknowledged
that the domestication process of soybeans involved a transition
from black seed coats to yellow seed coats.”*%*"*>~° Given the
distinctive genomic features of black soybeans, we proposed
that they may serve as a significant intermediate in the domesti-
cation process of soybeans. We performed Fst analysis and
discovered that the Fgt differentiation index between black soy-
beans and wild soybeans (Fst = 0.220245) was smaller than that
between wild soybeans and cultivated soybeans (Fst =
0.276497), and Fst between cultivars and landraces was minimal
(Fst=0.0101152).

Archaeological and historical evidence strongly suggested
that cultivated soybeans were domesticated from wild soybeans
in China approximately 5,000-6,000 years ago.®>*° However,
the location of the domestication center remains a subject of
debate, with some scholars proposing northern China, the Yel-
low River basin, the Huang-Huai plain in central China, or the re-
gion between the Yellow River and the Huai River.?®***° We
investigated the geographical distribution of the black soybeans
and determined that they could be divided into two subgroups in
the phylogenetic tree: clade 1 predominantly distributed in the
Huanghuai region (Huang-Huai-Hai Plain, encompassing the
Yellow River, Huai River, and Hai River basins) and clade 2 pri-
marily distributed in northwest China (region of northwestern
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Figure 1. Population structure of 8,105 soybean accessions
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(A) Geographical distribution of 8,105 soybean accessions and the proportion of different types of accessions in each region.
(B) Neighbor-joining phylogenetic tree of 8,105 soybean accessions based on whole-genome SNPs. Box in the lower left corner highlights the position of black
soybeans on the tree, and branch lengths are proportional to genetic distance (scale bar, 0.1 substitutions per site).

(C) Admixture analysis of 8,105 soybean accessions.
See also Figure S1 and Table S1.

China, including provinces such as Shanxi, Shaanxi, Gansu, and
Inner Mongolia) (Figure S1F), indicating the existence of at least
two soybean domestication centers: one in the northwest China
and another in the Huanghuai region. We subsequently per-
formed TreeMix analysis to model the gene flow among wild soy-
beans, black soybeans, landraces, and cultivars from northern
China and the Huanghuai region. The analysis indicated that
gene flow occurred among wild soybeans, black soybeans, cul-
tivars, and landraces (Figure 2A). This finding was consistent
with previous reports that multiple introgression and admixture
events took place during soybean domestication.?**° The com-
plex patterns of gene flow and genetic drift among wild soy-
beans, black soybeans, and landraces were further supported
by D statistics (Figure S1G) and f; statistics (Table S2). These re-
sults supported the hypothesis that black soybeans serve as an
intermediate in the domestication process with possible
gene flow.

Progressive selection of agronomic traits during the
soybean domestication

Previously, to identify potential selective sweeps during soybean
domestication, genomic comparisons were made between wild
soybeans and landraces or cultivars.>**” Given that black soy-
beans serve as an intermediate in the domestication process,
comparisons between wild soybeans and black soybeans, as
well as between black soybeans and landraces, will provide
additional evidence and insights into the selection dynamics of
soybean domestication. Therefore, we conducted a genome-
wide scan to identify selective sweeps with multiple methods
(see STAR Methods), including Fst, cross-population composite
likelihood ratio test (XP-CLR), = ratio, and raised accuracy in
sweep detection (RAISD).%"*'7°% A total of 135 high-quality se-
lective sweeps were detected between wild soybeans and black
soybeans, while 486 selective sweeps were identified between
black soybeans and landraces (Figures S2A and S2B).
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Figure 2. Progressive selection of agronomic traits during the soybean domestication
(A) Gene flow analysis of cultivars, landraces, black soybeans, and wild soybeans from northern China and the Huanghuai region. Colored arrows denote inferred
gene flow. The scale bar at bottom left (“10 SE”) represents ten standard errors for the drift parameter.

(B) Genes under selection in the wild soybeans to black soybeans stage and the
(C) Analysis of Fgr, n ratio, and XP-CLR surrounding the GmNST1A gene region.
(D) Gene structure of two haplotypes of the GmNST1A.

black soybeans to landraces stage.

(E) Allele frequency of the single-nucleotide variant introducing a premature stop codon in GmNST1A across accessions.
(F) Proposed model for soybean domestication. Possible gene flows are marked to reflect the complex introgression events during soybean domestication.

See also Figures S2 and S3 and Table S2.

The analysis enabled us to elucidate that the selection of the
domestication traits was progressive. For instance, previously re-
ported genes associated with different domestication traits had
been identified.””>* We found that Tofda, Tof4b,>> GmFT3a,*®
AP1d,°" FT1a,°® GmFULb,*® GmFT5a,°%%° E4,°" BIGSEEDS1,%
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KASI,%® cqProt-003,°%° GmSHAT1-5,°° and Pdh1%°” controlling
flowering time, seed size, oil and protein content, and pod shatter-
ing, respectively, were selected during the stage from wild soy-
beans to black soybeans (Figure 2B), suggesting that these
genes and the related traits had undergone strong selection at
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the earlier stage from wild soybeans to the black soybeans,
whereas E1,°%%° E2, GmAGL1,"%"" E3, E4, Tof12,”*"° GmELF3b,
GmCYP78A70,/""® GmCYP82C4, ST1,/° GmSSS1,”” G,”®
GmHs1-1,">%° GmSHAT1-5, KASI, DGAT1A, | locus,”>®" T lo-
cus,”* and W17 controlling flowering time, seed size, seed
dormancy, seed coat permeability, oil and protein content, and co-
lor traits, respectively, were selected during the stage from black
soybeans to landraces (Figure 2B), suggesting that these genes
and the related traits were selected during the later domestication
stage from black soybeans to the landraces. A previous study sug-
gested that the domestication of seed coat color occurred later
than that of seed morphology and quality.”® Our results of the
domestication of color genes were concentrated in the stage
from black soybeans to landraces strongly confirmed the hypoth-
esis. Notably, we also found a selection of E4, GmABAS1,%
GmHY2a,*®> GmFT2A, GmELF3b, GmSHAT1-5, and KASI in
both procedures, indicating that these genes underwent a contin-
uous selection during the domestication process.

Progressive selection was further demonstrated by changes in
the haplotype frequencies of key genes at different stages of
domestication. For example, G and GmSHAT1-5 were both re-
ported to be key domestication genes controlling dormancy’®
and pod shattering,?®®* respectively. We found that the
black soybeans captured a similar haplotype to that of the wild
soybeans at G but significantly different at GmSHAT1-5
(Figure S2C). The frequency changes at the casual variant
of the G, and the phylogenetic tree also indicated that the
domestication of the G into a short-dormancy allele suitable for
modern cultivation occurred at the later domestication stage
(Figures S2C-S2E).

Moreover, the analysis enabled us to identify potential genes
that may play important roles in the domestication (Table S2).
For instance, as the homolog to GmSHAT1-5, GmNST1A
(SoyZH13_07G048800) has been hypothesized to have a similar
function to regulate pod shattering in soybean®°®; however, this
hypothesis lacks direct genetic evidence. We found that
GmNST1A also experienced significant selection in the land-
races and cultivars (Figure 2C). Black soybeans mostly harbored
the same haplotype as wild soybeans (full length, defined as
Hap2), whereas landraces and cultivars tended to carry a sin-
gle-nucleotide mutation leading to a premature stop codon (trun-
cated, defined as Hap1), resulting in a deletion of 47 amino acids
(Figures 2D, 2E, and S3A), suggesting pod shattering was
continuously refined during soybean domestication, with
GmNST1A being selected at a later stage than its homolog
GmSHAT1-5. In addition, subcellular localization in tobacco
leaves and Arabidopsis protoplasts demonstrated that the trun-
cation of the GmNST1A protein did not affect its localization:
both GmNST1A haplotype proteins localize to the nucleus
(Figures S3B and S3C). To identify the GmNST1A target genes,
we queried the SoyTFBase transcription factor binding predic-
tion platform (www.soytfbase.cn), which indicated a potential
interaction between GmNST1A and the GmSHAT1-5 promoter.
Given that a previous study had directly linked GmSHAT1-5
expression level to pod-shattering resistance in soybean,’® we
were interested in whether the two GmNST1A haplotypes differ
in their ability to regulate GmSHAT1-5 transcription. Yeast
one-hybrid assay confirmed that both GmNST1AM@! and
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GmNST1AM82 pind to the GmSHAT1-5 promoter (Figure S3D).
Electrophoretic mobility shift assays (EMSAs) further demon-
strated that GmNST1A™@" has a higher binding affinity for the
GmSHAT1-5 promoter than GmNST1AM°2 (Figure S3E). Finally,
dual-luciferase (dual-LUC) reporter assays in Arabidopsis proto-
plasts revealed that the Hap1 variant exhibited a significantly
stronger activation of the GmSHAT1-5 promoter compared
with Hap2 (Figures S3F and S3G). These results indicated that
natural allelic variation in GmNST1A modulates its transcriptional
activation strength on GmSHAT1-5, suggesting a potential mo-
lecular mechanism by which the GmNSTT1A gene contributes
to pod shattering during domestication.

Taken together, we proposed a domestication model (Figure
2F) based on current discovery in which wild soybeans were
initially domesticated into black soybeans, with early selection
focusing on seed size, oil content, protein content, pod shatter-
ing, and flowering time. Subsequent domestication phases
involved further selection for pod shattering, flowering time, oil
and protein content, and seed size, while also targeting addi-
tional traits including seed coat color, seed coat permeability,
and seed dormancy. In addition, we also detected gene flow
among landraces, black soybeans, and wild soybeans
(Figures 2A and S1G), indicating that complex introgression
events occurred during long-term domestication. This process
ultimately led to the development of modern cultivars. It is impor-
tant to emphasize that while many traits were continuously
improved throughout domestication, the genes targeted by arti-
ficial selection varied across different stages.

Selection in the soybean dissemination

The global dissemination of soybeans from China has followed a
relatively well-documented expansion route.>>> We applied the
same methods (see STAR Methods) to systematically identify
selective sweeps and selected genes in the genomes of cultivars
from different countries. Our findings revealed that numerous re-
ported genes that associated with soybean agronomic traits,
such as flowering time, stress resistance, and yield and grain
quality, were differentially selected along the dissemination route
(Figure 3A; Table S3). For instance, given that soybeans are an
environmentally sensitive species, the selection of photoperiod
and rhythm-related genes is directly associated with the latitude
distribution of soybean cultivation. E2, a homolog of the Arabi-
dopsis GIGANTEA, has been identified as a major gene control-
ling flowering time in soybeans.®' Our genome-wide association
study (GWAS) for latitude of 5,716 cultivars further identified E2
as the major-effect quantitative trait locus (QTL) (Figure 3B), indi-
cating it plays a critical role in determining the latitudinal distribu-
tion of soybean cultivation. Haplotype analysis demonstrated
that E2 exhibits selection in both low- and high-latitude areas,
with Hap2 predominating in low latitudes and Hap1 predominat-
ing in high latitudes (Figure 3C; Table S3). Other genes, such as
Tof12,”% FT2b,*° E1, Tof8,%° and FT2a/E9,?° had also undergone
significant artificial selection in different latitude regions. Howev-
er, distinct haplotypes of these genes were preferred in high- and
low-latitude areas (Table S3). Notably, we found Dt71, a core-ef-
fect gene regulating soybean plant architecture and growth
habit,®”®® also exhibited differential selection across various
countries (Figure S4B). Accessions in China exhibited a high
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(A) Genes under selection across different regions during soybean dissemination.
(B) GWAS results for the latitude of 5,716 cultivated soybeans. The horizontal line in the figure represents the threshold of 1 x 1075,

(C) Haplotype distribution of E2 in cultivars from different regions.
(D) Distribution of Tajima’s D values in cultivars from different countries.

(E) The neighbor-joining phylogenetic tree of nine FT family genes. Scale bar, 0.05 amino acid substitutions per site.
(F) Haplotype distribution of pod-shattering-related genes in cultivated soybeans from different countries.

See also Figure S4 and Table S3.

degree of allelic diversity, whereas countries with higher yields
(e.g., America and Brazil) predominantly selected for Hap1,
which is associated with indeterminate growth habit. This may
imply that the selection for the indeterminate growth habit could
potentially contribute to enhanced soybean yields.

It has been reported that balancing selection also played
important roles in facilitating plant adaptation.®>°" Here, we
also screened the genes under balancing selection across the
cultivars and landraces from different countries using Tajima’s
D statistics (Figures 3D and S4A). We found that numerous
genes undergo balancing selection apart from directional selec-
tion during soybean dissemination, and notably, the genes con-
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trolling the same trait experienced differential selection. For
instance, the results demonstrated that several genes function
as key regulators in the soybean flowering network,%%%
including FT2a/E9, FT2A, FT2b, FT3a, FT3b, FT5a, and
GmELF3b, appear to be under positive selection, whereas
FT1a, FT1b, FT5b, and GmELF4a exhibited signatures of
balancing selection (Figures 3A, 3E, and S4A). Previous studies
have demonstrated that, despite belonging to the same gene
family, different FT members exhibit divergent functions in regu-
lating flowering and maturation in soybean.’* For example,
GmFT2a/5a function as flowering activators, whereas GmFT1a
acts as a flowering inhibitor.°® These findings may suggest that
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the advantageous alleles of the flowering activators appeared to
be rapidly fixed through directional selection in specific
geographic or environmental contexts, thereby ensuring the
basic stability and efficiency of flowering time and circadian
rhythms. By contrast, the flowering inhibitor under balancing se-
lection enables soybean to finely tune gene expression in
response to varying photoperiods, temperatures, and climatic
conditions, allowing for flexible adjustment of flowering time
and enhancing regional adaptability.

We also observed that certain pod-shattering-related genes,
such as Pdh1 and GmSHAT1-5, exhibited high levels of haplo-
type polymorphism in some countries (Figure 3F; Table S3),
despite pod dehiscence having undergone strong improvement
in modern cultivars. This finding is consistent with the observa-
tion from a recent study.*?

Selection during the breeding along different eras in
China

Yield, protein content, and oil content are primary objectives in
soybean breeding and improvement programs. We first investi-
gated the variations of the hundred-seed weight, protein
content, and oil content across cultivars from different eras by
categorizing them into four groups: before 1960, 1960-1980,
1980-2000, and after 2000. Our observations revealed that
with the advancement of breeding over time, there was a slight
increase in protein content accompanied by a decrease in oil
content during the period from 1960 to 1980, while the yield re-
mained relatively stable during this period. After which, the hun-
dred-seed weight and oil content showed continuous increases,
whereas the protein content significantly decreased (Figure 4A).
The character changes indicated a shift in soybean breeding pri-
orities, initially focusing on high-protein varieties, followed by a
subsequent emphasis on developing high-yielding and high-oil
soybean varieties in later stages. The shift might also be partially
driven by the socioeconomic change, as China’s rapid economic
growth and changing dietary demands shift from high-protein
cultivars primarily used in traditional soybean products (e.g.,
tofu and soy milk) toward high-yield and high-oil cultivars better
suited for vegetable oil production and animal feed.*®

To elucidate the genes involved in the improvement of these
traits, we performed a comprehensive comparative analysis of ge-
netic selection across four era groups, identifying numerous selec-
tive sweeps throughout the breeding history (Figure 4B). Our re-
sults indicated that the selection pressure on genes regulating oil
and protein content has decreased over the breeding eras, while
the selection for genes associated with yield has increased in later
stages, which is consistent with the shift in soybean breeding pri-
orities (Figure 4A). Moreover, during the period from 1980 to 2000,
the selection of high-yield genes was more closely associated
with genes controlling seed size, such as GmCYP78A10,
GmCYP78A57, GmCYP82C4, and ST1. By contrast, after 2000,
the focus of high yield gradually shifted to genes controlling plant
architecture apart from seed size, like SPL9c.°"°® This shift may
indicate a change in breeding strategies.

It has been reported that genetic introgression from wild soy-
beans plays a crucial role in augmenting genetic diversity and
improving agronomic traits in cultivated varieties.”® We investi-
gated the introgression of wild soybean genomic regions in the
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cultivars from different eras using the ABBA-BABA test.””

Among these introgressed regions, we identified genes related
to stress resistance (e.g., GmNDR1b and GmMYB14) and flow-
ering (e.g., GmFT2a/E9, GmHY2a, GmELF3b, and GmSOC1a)
(Figure 4B). A significant constraint on China’s soybean produc-
tion is the limited arable land available for soybeans. Premium
land typically prioritized allocated to staple crops such as rice
and maize, leaving much of the soybean production to be carried
out on marginal salt-alkaline soils.'°° Therefore, improving soy-
bean adaptability to such adverse conditions—particularly
through enhanced tolerance to salinity, alkalinity, drought, and
diseases, as well as adaptability to varying photoperiods —is of
critical importance.

Breeding elite cultivars with concurrent high-yield, high-oil,
and high-protein content is an optimal objective for soybean
breeding programs. However, oil and protein content typically
display a significant negative correlation (Figure 4C), which can
be attributed to the pleiotropic and opposing effects exerted
by associated functional genes in the protein and oil synthesis
pathway.'®??'%" Indeed, a compilation of the GWAS signals re-
vealed numerous overlapping loci influencing both protein and
oil content (Figure 4D). However, certain cultivars exhibit both
high-oil and high-protein content simultaneously (e.g., QiHuang
34 and ZhongHuang 301), suggesting the potential to success-
fully breed elite cultivars with dual high-value traits.

Here, we combined genomic selection (GS) and GWAS (see
STAR Methods) using the total protein and oil content
(Figures 4E, S5A, and S5B) as a phenotype instead of oil content
and protein content, respectively (Figures S5C-S5F). Surpris-
ingly, we discovered a significant signal on chromosome 13
(Figure 4E; Table S3). Of the GWAS significant regions, we iden-
tified Glyma. 13G041300 as one promising candidate gene. Gly-
ma.13G041300 is annotated as GmMSWEET30a. Previous studies
revealed that the sugars will eventually be exported transporter
(SWEET) family proteins in soybean, like GmSWEET10a and
GmSWEET10b, function as bidirectional sugar transporters
and are highly associated with seed oil content and protein con-
tent by influencing sugar allocation from seed coat to em-
bryo.?*'%? We found that GmMSWEET30a also highly expresses
in the soybean seed coat (Figure S5G), which was similar to
GmSWEET10a and GmSWEET10b. We hypothesized that
GmSWEET30a may also affect soybean total protein and oil con-
tent in analogous pathway. The natural allelic variations of the
GmSWEET30a gene resided within its promoter region
(Table S8). Further investigation revealed that accessions car-
rying Hap2 exhibited higher total protein and oil content,
whereas those carrying Hap1 showed lower levels of these com-
ponents (Figure 4F). Using a dual-LUC reporter system, we as-
sessed the transcriptional activity of each promoter haplotype
and found that Hap2 induced significantly greater activation
compared with Hap1 (Figure 4G). These findings suggest that
the expression level of GmSWEET30a is likely positively corre-
lated with total protein and oil content. We then generated dou-
ble mutants of GmSWEET30a and its homologous gene
(Figure S5H), Glyma.14G160100 (GmSWEET30b), in the Wil-
liams 82 background using CRISPR-Cas9. Compared with the
wild type, the homozygous knockout line exhibited a significant
reduction in total protein and oil content (Figure 4H). Notably,
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Figure 4. Selection during the breeding along different eras in China

(A) Comparison of 100-seed weight, protein content, and oil content of soybean accessions from different eras. The soybean accessions are classified into four
groups according to collected information: before 1960 (n = 157), 1960-1980 (n = 275), 1980-2000 (n = 479), and 2000-2020 (n = 608). Statistical tests were
performed using the Kruskal-Wallis test and Dunn’s post hoc test in R.

(B) Genes under selection (green box) and genes involved in introgression (orange box) of soybean accessions from different eras.

(C) Pearson correlation between protein and oil content.

(D) GWAS significant signals sourced from the SoyBase website.

(E) GWAS resuilts for total protein and oil content. The horizontal line in the figure represents the threshold of 1 x 1075

(F) Comparison of phenotypic differences among haplotypes of GmSWEET30a. Statistical test was performed by the Kruskal-Wallis test and Dunn’s post hoc
testin R.

(G) Comparison of promoter activity between two GmSWEET30a haplotypes using a dual-LUC assay. Bars represent mean + SD of three independent biological
replicates. (***p < 0.0001, Student’s t test).

(H) Total seed protein and oil content (%) in wild-type (WT, blue) and gmsweet30a/b double-mutant (pink) plants. Data are presented as mean + SD (n = 15).
Statistical test was conducted by a two-tailed Student’s t test.

See also Figure S5 and Table S3.
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GmSWEET30a and GmSWEET30b share high homology, and
the edited form of GmSWEET30b lacks only two amino acids
without causing a frameshift mutation (Figure S5I). Our trans-
genic results indicate that GmSWEET30a and its homolog play
an important role in determining soybean seed quality.

Genetic variation database for selected genes
We constructed a genetic database with an emphasis on the
variation of these selected genes and QTLs (https://ngdc.cncb.
ac.cn/soyomics/breedingtips). Detailed investigation of the
allele distribution and combination of selected genes will provide
insight into the path for future breeding. We then examined the
haplotype distribution of key selected genes in 223 Chinese
core backbone parental varieties from different production re-
gions, which represent valuable genetic resources for soybean
breeding (Figure 5A; Table S4). The investigation revealed that
certain genes had undergone significant selective pressures,
leading to the fixation of their advantageous alleles in the majority
of core backbone parental varieties, such as GmCYP78A10,
GmCYP78A70, BIGSEEDS1, SoyWRKY15a, and GmSWEET10a
(Figure 5A). However, we also identified certain genes that have
not been uniformly selected in these core parental varieties
(Figure 5A). For instance, GmSSS1, a gene that encodes a
SPINDLY (SPY, an O-linked N-acetylglucosamine transferase-
like protein) homolog reported to affect soybean seed size’’;
GmZF392, a gene that encodes a tandem CCCH-type zinc finger
protein that was reported to affect soybean oil synthesis'%; and
cqProt-003, which is a major gene influencing soybean protein
and oil content that encodes a CONSTANS, CONSTANS-like,
and TOC1 (CCT) domain-containing protein.®*5°

Moreover, we found that the emphasis on high-yield, disease-
resistant, and high-oil content in modern soybean breeding had
led to reduced genetic polymorphism in these 223 backbone
parental varieties (Figure 5B). In addition, strong artificial selec-
tion may result in the loss of superior alleles at certain genes.
For instance, the / locus, a major determinant of seed coat color
(Figure 5C), is in close physical proximity to Rhg4 (Figure 5D), a
major locus conferring resistance to soybean cyst nematode dis-
ease.'?"1% The selection for yellow seed coat color during the
soybean domestication and improvement resulted in a loss of
Rhg4 superior haplotype (Hap4) in cultivated soybeans due to
genetic drag (Figures 5D-5F; Table S2). This observation is
consistent with the generally superior resistance exhibited by
black soybeans compared with cultivars with yellow seed coats.

We also constructed a QTN library (Table S4) of soybean key
genes from multiple published literature or databases, which
was similar to the sophisticated work in rice.'® We calculated
the allelic frequency of 92 important QTNs across a diverse panel
of soybean accessions (Figure S6). For several well-character-
ized domestication genes, such as GmSWEET10a,> Tof11,
Tof12,”? and G. We examined the allele frequency distributions
of their causal variants and observed that the frequency spec-
trum in black soybeans closely parallels that of wild soybeans
(Figure S6; Table S4). These results further support our conclu-
sion that black soybeans represent an intermediate stage in
domestication.

Interestingly, we also found a strong selective pressure
acted on certain nodulation-related genes during domestication,
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such as VAMP721a, VAMP721d,"°” GmNFR5a/GmRj5, and
GmNFR54/GmR;j6,"°%""° characterized by reduced polymor-
phism and convergent haplotypes (Figure 6A). Based on the
functional characterization of these genes, we speculated that
domestication and artificial selection have also affected soybean
nodulation, nitrogen fixation, and symbiosis. GmRj5/GmNFR5«a
has been reported to interact with the type Il effector nodulation
outer protein L (NopL) and glycine max remorin 1a (GmREM1a) to
promote symbiosis in soybean.'?® In wild soybeans, GmR)5 ex-
ists in four major haplotypes, each distinguished by non-synon-
ymous and synonymous substitutions (Table S4). During
domestication, GmRj5™"! and GmR}j5"32 were positively
selected, whereas GmRj5™@°® and GmRj5"%* were eliminated
(Figure 6A). We then assessed the interaction strength of all
four GmR]j5 haplotypes with NopL and GmREM1a using mem-
brane yeast two-hybrid assay (Y2H), bimolecular fluorescence
complementation (BiFC), and co-immunoprecipitation (colP)
assay (Figures 6B-6E). GmRj5"%! and GmRj5"3"? exhibited
significantly stronger protein-protein interactions with NopL
and GmREM1a than GmRj5™@® and GmR{5™@* suggesting
that the latter were purged due to their diminished ability to
participate in the symbiosis signaling cascade. These results
highlight that enhanced symbiotic efficiency remains a critical
objective in contemporary soybean breeding.

DISCUSSION

Because of its distinct and excellent seed-quality profile, soy-
beans have served as the most significant source of plant oil
and protein.” Given the rising population and continuous
improvement in living standards, there is a pressing need to
substantially enhance soybean production; however, this
endeavor presents significantly greater challenges. Long-term
artificial selection during domestication, dissemination, and
improvement has developed diverse soybean germplasms,
which provide a valuable resource for investigating genetic vari-
ability, enabling potential solutions to current and future agricul-
tural challenges.*

Through a comprehensive investigation of the evolutionary tra-
jectory of 8,105 soybean accessions, we determined that black
soybeans serve as an intermediary in soybean domestication.
Based on Chinese archaeological records and genomic evi-
dence, we proposed that there are two centers of soybean
domestication in China: the Huanghuai region and northwest
China. We also compared selection differences between the
two domestication centers. Overall, the genomic divergence of
black soybeans from the two centers was modest (Fst =
0.0896879). The differential genes identified were primarily
related to seed size, flowering, and stress resistance
(Figures S2F and S2G), likely reflecting environmental and cli-
matic differences in early domestication across distinct regions.

The primary difference between black and yellow seed coats
in soybean lies in the abundance of certain secondary metabo-
lites (e.g., phenols, flavonoids, and anthocyanins)."'" Interest-
ingly, a previous study using an F3 population derived from culti-
vated and wild soybeans found that seed coat color may also be
associated with seed dormancy and overwintering ability,''?
indicating that seed coat pigmentation or seed coat structure
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Figure 5. Analysis for selected genes in modern cultivars

(A) Haplotype distribution of selected genes in 223 core soybean parental varieties from different production regions.

(B) Principal-component analysis of 223 core soybean parental varieties.

(C) GWAS results for seed coat color.

(D) LD block within the 8.37-8.50 Mb region of chromosome 8.

(E) Haplotype distribution of Rhg4 among black soybeans and cultivars from different countries. (Hap1, red; Hap2, blue; Hap3, green; Hap4, purple).

(F) Comparison of the phenotypes of different haplotypes of Rhg4. Lower cyst nematode levels represent stronger cyst nematode resistance. A statistical test
was performed by the Kruskal-Wallis test and Dunn’s post hoc test in R.

See also Figure S6 and Table S4.
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Figure 6. Interactions between different GmRj5/GmNFR5x protein haplotypes and NopL, GmREM1a

(A) Haplotype distribution of four nodulation-related genes in wild soybeans, landraces, and modern cultivars.

(B) Membrane Y2H of interactions between four GmR;j5 haplotypes and NopL and GmREM1a proteins.

(C) BiFC assay of four GmR|5 haplotypes with NopL and GmREM1a in tobacco leaves. Scale bar, 50 pm.

(D and E) Interaction of NopL and GmREM1a with different GmR;j5 haplotypes in colP assays. Relative interaction intensities are shown below.

See also Table S4.

may serve additional functions. Black soybeans appeared to
harbor more cryptic genomic variations compared with yellow
varieties, apart from the obvious difference in seed coat color.
As an intermediate product of domestication, black soybeans
may retain a greater number of favorable alleles from their wild
relatives. For instance, during the outbreak of soybean cyst nem-
atode in the United States in the last century, the introduction of
the Chinese landrace “Beijing small black soybean” provided a
crucial source of resistance genes, which was also supported
by our analysis of the Rhg4 gene. In the future, elite alleles pre-
sent in black soybean germplasms could be mined to improve
modern cultivars, either through direct allele introgression or
by conventional hybrid breeding to enhance agronomic perfor-
mance in elite cultivars.

In our analysis of modern cultivars from various countries, we
found that although pod shattering is a characteristic domestica-
tion trait, some modern cultivars in certain regions still carry al-
leles that predispose them to become shattering. One possibility
is that regional variations in agricultural practices, environmental
conditions, and selection pressures have resulted in the reten-
tion of distinct alleles. Additionally, multiple domestication
events or continuous gene flows from wild soybeans could
contribute to maintaining high genetic diversity in these genes.

Members of the SWEET family encode bidirectional sugar
transporters. GmSWEET10a is a well-established domestication
locus that affects seed size, protein content, and oil content. A
recent study applied an AlphaFold-guided approach to engineer
GmSWEET10a and its homolog in order to improve soybean
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seed quality.'™® In our GWAS analysis of seed quality, we identi-
fied another SWEET family member, GmSWEET30a. In the
future, leveraging transgenic approaches and artificial intelli-
gence-driven design to engineer multiple SWEET family proteins
may be a critical strategy for enhancing seed protein and oil con-
tent in soybean.

To date, most soybean domestication studies have focused
on traits related to yield and quality, such as growth habit,
dormancy, seed size, protein content, oil content, flowering,
and pod shattering.” Few studies have investigated how nodula-
tion and symbiosis-related phenotypes have changed during
soybean domestication. Unlike other crops such as rice and
maize, this characteristic is specific to soybean, making
research in this area particularly compelling. In our selection
scans and haplotype analyses, we identified several nodula-
tion-related genes under strong selection. The domestication
of soybean has preferentially retained GmRj5 haplotypes with
strong interactions with the type Il effector NopL and
GmREM1a, highlighting selection for symbiotic efficiency. Prior
studies have also shown that VAMP721a is important for pectin
dynamics and bacterial release in soybean nodules.'”
VAMP721a encodes a vesicle-associated membrane protein.
In wild soybeans, this gene is predominantly present as Hap2,
whereas in landraces and cultivated soybeans, it is almost fixed
as Hap1 (Table S4). The two haplotypes differ by a non-synony-
mous mutation. Future molecular investigations of VAMP721a
and other nodulation-related genes will enhance our under-
standing of how domestication has influenced nodulation and
symbiosis.

Limitations of the study

Despite incorporating a substantial amount of resequencing
data, the majority of accessions in our dataset were sourced
from East Asia, with a notably smaller representation from other
major soybean-exporting countries, including the United States,
Brazil, and Argentina. Furthermore, phenotypic information was
frequently incomplete, thereby constraining our analyses to a
certain extent. While we successfully identified numerous selec-
tion intervals and candidate genes, functional validation through
transgenic approaches or molecular assays proved to be inade-
quate. Future research endeavors will prioritize experimentally
validating these candidate genes and investigating their poten-
tial applications within breeding programs.

RESOURCE AVAILABILITY

Lead contact
Further information or requests for reagents and resources should be ad-
dressed to the lead contact, Zhixi Tian (tianzhixi@yzwlab.cn).

Materials availability
This study did not generate new, unique reagents.

Data and code availability
® The data and software referenced in the key resources table are publicly
available as indicated.
® The analysis code and scripts have been uploaded to GitHub for public
access (https://github.com/sibs-zz/ScricptsForSoybean/).
® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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Plasmid:NopL-pPR3-N This paper N/A
Plasmid:GmREM1a-pPR3-N This paper N/A
Plasmid:GmSWEET30a-LUC This paper N/A
Plasmid:GmSHAT1-5-LUC This paper N/A
Plasmid:GmNST1A"?-GFP This paper N/A
Plasmid:GmNST1A"2_.GFp This paper N/A
Plasmid:GmRj5ae-Hap4_yFpC This paper N/A
Plasmid:NopL-YFP This paper N/A
Plasmid:GmREM1a-YFPN This paper N/A
Plasmid:His-GmNST1AH2P1 This paper N/A
Plasmid:His-GmNST1AM2°? This paper N/A
Plasmid:GmRj5aPT-Hapr4_pA This paper N/A
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Plasmid:GmREM1a-GFP This paper N/A
Plasmid:NopL-FLAG This paper N/A
Oligonucleotides

Primers listed in Table S5 BioSune Biotechnology N/A

Deposited Data

Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
Soybean DNA sequencing data
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Soybean DNA sequencing data

Luetal.””

Liu et al.?’

Yang et al.*’
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Kajiya-Kanegae et al."*
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N/A

N/A

N/A

N/A

N/A

Fang et al.'’®

N/A

Torkamaneh and Belzile
Valliyodan et al.""”
N/A

N/A

N/A

N/A

N/A

N/A

Fang etal.”’®

N/A
N/A
N/A
Kim et al
N/A
N/A
N/A
N/A

|30

NGDC BioProject: PRICA001691
NGDC BioProject: PRJCA002030
NGDC BioProject: PRICA002554
BioProject: PRUDB7250
BioProject: PRJIDB7386
BioProject: PRUDB7786
BioProject: PRJIEB1942
BioProject: PRUEB31453
BioProject: PRINA175477
BioProject: PRUNA227063
BioProject: PRUINA243933
BioProject: PRINA248222
BioProject: PRINA257011
BioProject: PRUNA274295
BioProject: PRINA287266
BioProject: PRUINA289660
BioProject: PRUINA291452
BioProject: PRUNA294227
BioProject: PRUINA295763
BioProject: PRINA356132
BioProject: PRINA383915
BioProject: PRUNA384190
BioProject: PRINA394629
BioProject: PRUNA449253
BioProject: PRUINA484078
BioProject: PRINA552939
BioProject: PRUINA555366
BioProject: PRUNA597660
BioProject: PRINA639876
BioProject: PRUNA681974
BioProject: PRINA743225

Software and Algorithms

BWA 0.7.18-r1243-dirty
SAMtools 1.20

GATK v4.2

ANNOVAR

VCFtools 0.1.16
BCFtools 1.20

Plink v1.90b6.21
Admixture v1.3.0

GCTA v1.94.1

HIBLUP v1.5.0

Li and Durbin'"®

Lietal.'®

McKenna et al.'?®

Wang et al.'*’'

Danecek et al.’*?
Narasimhan et al.'

Purcell et al.’®*

Alexander et al.'®®

Yang et al.’*®

Yin et al.’?”

https://sourceforge.net/projects/bio-bwa/
https://sourceforge.net/projects/samtools/
https://github.com/broadinstitute/gatk/
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REAGENT or RESOURCE SOURCE IDENTIFIER

R4.2.0 N/A https://www.R-project.org/

PHYLIP 3.697 N/A https://phylipweb.github.io/phylip/
iTOL Letunic and Bork'*® https://itol.embl.de/

Pophelper v2.3.1 Francis'?® https://www.royfrancis.com/pophelper/

Treemix v1.12

Pickrell and Pritchard'*°

https://bitbucket.org/nygcresearch/treemix/

OptM v 0.1.8 Fitak'®’ https://cran.r-project.org/web/packages/OptM/
MEGAX N/A https://www.megasoftware.net/

SoyOmics Liu et al.’®? https://ngdc.cncb.ac.cn/soyomics/

SoyMD Yang et al.”*® https://yanglab.hzau.edu.cn/SoyMD/

BEDtools v2.31.1 Quinlan and Hall'** http://bedtools.readthedocs.io/

RAISD v2.9 Alachiotis and Pavlidis®® https://github.com/alachins/raisd
Genomics_general N/A https://github.com/simonhmartin/genomics_general
EMMAX beta-07Mar2010 Kang et al."®® http://csg.sph.umich.edu/kang/emmax/

TBtools v2.210 Chen et al.”*® https://github.com/CJ-Chen/TBtools-II

BEAGLE v5.4 Pook et al.’®" https://faculty.washington.edu/browning/beagle/
SeqgKit v2.8.2 Shen et al.’*® https://github.com/shenwei356/seqkit

Xpclr Vatsiou et al.”*® https://github.com/hardingnj/xpclr

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

In this study, the phenotypic data were sourced from the Chinese national soybean evaluation records and databases, while the re-
sequencing data were obtained from multiple published soybean studies. Consequently, detailed descriptions of soybean cultiva-
tion, sampling, and resequencing procedures are omitted. For complete information on data sources, please refer to the key re-
sources table.

METHOD DETAILS

Soybean accessions and resequencing data

In this study, we retrieved high-quality paired-end soybean resequencing data from public databases, including the NCBI (National
Center for Biotechnology Information, https://www.ncbi.nlm.nih.gov/) and the National Genomics Data Center (NGDC, https://ngdc.
cncb.ac.cn/). The datasets encompassed the following projects: PRJCA001691, PRJCA002030, PRJCA002554, PRJDB7250,
PRJDB7386, PRJDB7786, PRJEB1942, PRJEB31453, PRJNA175477, PRJNA227063, PRJNA243933, PRJNA248222,
PRJNA257011, PRJINA274295, PRJNA287266, PRINA289660, PRJNA291452, PRJUNA294227, PRJNA295763, PRINA356132,
PRJNA383915, PRJNA384190, PRJNA394629, PRJINA449253, PRJNA484078, PRINA552939, PRJNA555366, PRIJNA597660,
PRJNAG39876, PRUNA681974, and PRUNA743225. In total, the high-quality paired-end sequencing data for 8,105 soybean samples
were download for subsequent analysis. These samples comprised 1,334 wild soybeans, 5,716 cultivated soybeans, 1,045 land-
races, and 10 Glycine gracilis that originated from the United States, Brazil, China, Canada, Japan and the Korean Peninsula, Russia,
Europe, Vietnam, Indonesia, and other countries or regions. The Chinese materials were further classified into several groups based
on their geographic distribution: Northern China, the Huanghuai region, and Southern China. Phenotypic data of the soybean mate-
rials were collected through literature reviews, germplasm records of soybean varieties, national certification documents, and online
database queries (https://ngdc.cncb.ac.cn/soyomics/).132 The distribution of soybean accessions and the visualization of the world
map were performed by R packages sf, rnaturalearth and leaflet.

Variants calling and annotation
We assessed the quality of the downloaded resequencing data using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). For data containing adapter sequences or low-quality reads, we performed filtering using Trimmomatic.'“° The parameters
were set as follows: ILLUMINACLIP:TruSeg3-PE.fa:2:30:10 to remove adapter sequences; MINLEN:36 to discard reads shorter than
36 bp; SLIDINGWINDOW:4:15 to trim low-quality bases using a 4-bp sliding window with an average quality threshold of 15; and
LEADING:5 and TRAILING:3 to remove low-quality bases from the 5’ and 3’ ends, respectively. Other parameters were set to default
values.

We used the version 2.0 of the high-quality reference genome of ‘Zhonghuang 13’ (ZH13_v2.0)*>*° for sequence alignment. The
resequencing data were aligned to the reference genome using BWA-MEM."'® SAM files were converted to BAM format using
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SAMtools,"'? followed by sorting with the sort command. Duplicate sequences in the alignment results were marked using the
MarkDuplicates tool in Genome Analysis Toolkit (GATK) v4.2'2° with default parameters, allowing for recognition in subsequent
variant detection. Variant calling for each individual was performed using the HaplotypeCaller module in GATK, based on the
whole-genome alignment of the resequencing data.

We conducted stringent quality control on the obtained soybean genomic variant dataset. SNP and InDel sites were separately
extracted using the SelectVariants command in GATK. Filtering parameters for InDels were set as QD < 2.0, FS > 200.0,
SOR > 10.0, InbreedingCoeff < —0.8, and ReadPosRankSum < —20.0. For SNPs, filtering parameters were QD < 2.0, FS > 60.0,
SOR > 5.5, MQ < 40.0, MQRankSum < —12.5, and ReadPosRankSum < —8.0. The identified variants were annotated using
ANNOVAR."?!

Genomic structure analysis

We performed principal component analysis (PCA) on 8,105 soybean samples using GCTA.'?® PCA was conducted using the param-
eters —grm to specify the constructed GRM file and —pca 4 to set the number of principal components to four. The output included
files ending with eigenval and eigenvec, which were visualized using R.

Ancestral component inference of the collected soybean samples was performed using ADMIXTURE.?° Bed format files obtained
from PCA analysis were analyzed for K = 2-7. The cross-validation (CV) error for each K value was examined, with the minimum CV
error indicating the optimal number of clusters. Visualization was conducted using the R package pophelper.'?° A phylogenetic tree
was constructed using the neighbor-joining method implemented in the PHYLIP software package and subsequently visualized
through the iTOL online platform.'?® Linkage disequilibrium decay analysis was performed using PopLDdecay.'*' The maximum like-
lihood tree for soybean populations was constructed by the software TreeMix'®' and visualized with R script. In order to determine
the number of migration edges in TreeMix analysis, we performed 5 replicates for each m value and ultimately selected the optimal
value according to the R package OptM.

Genome-wide association analysis

Genome-wide association studies (GWAS) were conducted using the MLMA function of GCTA software, '*° based on a mixed linear
model. Due to the lack of phenotypic data for wild soybeans and population structure, GWAS was performed only on cultivated soy-
beans and landraces. In the analysis, the first three principal components were used as covariates, and a preliminary significance
threshold of 1 x 10~° was set. Candidate gene annotation referred to the SoyOmics (https://ngdc.cncb.ac.cn/soyomics/) and
SoyMD (https://yanglab.hzau.edu.cn/SoyMD/) databases.

Selection signal detection

Selection signals were detected using multiple methods. Based on the identified high-quality SNPs, we calculated nucleotide di-
versity (r) for wild soybeans, cultivated soybeans, landraces, and improved varieties using VCFtools'?* with a 100-kb sliding win-
dow and a 10-kb step size. The population fixation index (Fst) was calculated between wild and cultivated soybeans, between
landraces and improved cultivars, among cultivars from different countries, and among varieties from different eras with a
100-kb sliding window and a 10-kb step size. Tajima’s D was calculated using VCFtools with a 100-kb sliding window. XP-
CLR values across the soybean genome were computed using the Python version of package ‘xpclr’'®® with parameters -Id
0.95, -maxsnps 1000, —size 100000, and —step 100000. The genome-wide u statistic was calculated for cultivated soybeans
and landraces using package ‘RAISD’,*® and selective sweeps were identified based on these values. Python scripts were
used to transform the calculation results of Fst, XP-CLR, u statistics, = ratio and then Z-scores were computed. A threshold of
Z-score > 1.96 was set to identify genomic regions of candidate selective sweeps, and a custom script was used to extract
selected genes from the ZH13_v2 annotation files. To avoid fragmentation of candidate intervals, we merged overlapping windows
using the merge function in bedtools. The high-quality candidate selective sweeps were determined by support from at least two
statistics.

Analysis of gene haplotypes

We utilized a python script and the pysam library for haplotype analysis from VCF files, aimed at identifying and counting the types
and numbers of different haplotypes in our dataset. Haplotypes were defined based on coding-region variants and known QTNs. The
positional information for all genes was queried from ZH13_v2 annotation. Missing genotypes were imputed using BEAGLE software
(version 5.4)."%"

Analysis of gene flow

D-statistics for different combinations among wild soybeans, black soybeans, and landraces were computed using the ABBABABA-
windows.py script (https://github.com/simonhmartin/genomics_general). The outgroup was set to the perennial Glycine tomentella.
To detect the introgression between wild and cultivated soybeans from different eras, 4 statistic was computed based on a tree form
((P1, P2), P3, O]), where P1 was fixed as the American cultivated soybeans and the perennial Glycine tomentella was fixed as the
outgroup. P2 was set as cultivated soybeans from different eras, and P3 was set as wild soybeans accessions in China. The f4 sta-
tistic was computed in 100 kb non-overlapping windows with the same python script. The output results with D > 0 and 0 <= fy <=1
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were retained. The valid fy values were converted into Z-scores, and regions with Z-scores >= 1.96 were considered as candidate
introgression regions.

f3 statistics calculation

To test for evidence of admixture, we computed the three-population statistics using the threepop program from the TreeMix pack-
age. Briefly, genotype counts for different populations (wild soybeans, black soybeans, and landraces) were converted into TreeMix
input format (allele counts per population per SNP) and compressed with gzip. We specified a block size of 2000 SNPs for jackknife
estimation of the standard error. By convention, a significantly negative f3 value from f5 (C; A, B) indicates that population C derives a
measurable fraction of its ancestry from a mixture of populations A and B. Note that a positive f3 (with a large positive Z-score) in-
dicates that the two-way admixture model is not strongly supported under these parameters. We applied this procedure to all com-
binations of wild soybeans, black soybeans clade 1/2, and landraces. All f3 values and Z-scores were reported in Table S2.

Genomic selection

We integrated Genomic selection (GS) and GWAS to analyze total content of oil and protein. We employed the genomic best linear
unbiased prediction (GBLUP), considering both additive and dominance effects, and incorporated principal component analysis
(PCA) results as covariates to predict the Genomic Estimated Breeding Value (GEBV). GEBV was calculated by HIBLUP software
(https://www.hiblup.com).'?” We consider the single trait linear mixed model as followed:

k
y=Xb+Rr+ ZZ,-U,-+e
i=1
y is an n-dimensional vector of phenotypic records. X is an nxnjy, design matrix for fixed effects and covariates. b is an n,-dimensional
vector of corresponding fixed effects. R is an nxn, design matrix for environmental random effects. r is an n,-dimensional vector of
environmental random effects, assumed to follow a normal distribution N(0, /62), where [ is the identity matrix and 2 is the environ-
mental variance component. k is the total number of genetic random effects considered in the model. Z; is an nxn; design matrix for
the i-th genetic random effect. u; is an n;-dimensional vector of genetic effects corresponding to the i-th genetic random effect,
assumed to follow a multivariate normal distribution N(0, Kia,?). K is the genetic relationship matrix for the i-th genetic effect, derived
from genomic information. a,? is the genetic variance component associated with the i-th genetic effect. e is an n-dimensional vector
of residual errors, assumed to follow N(0, /s2), where o2 is the residual variance component. Both additive and dominant genetic ef-
fects were included to comprehensively capture the genetic architecture influencing the trait. The additive genetic relationship matrix
(K4) and the dominant genetic relationship matrix (Kp) were constructed based on genome-wide SNP markers. The first three
principal components (PC1-PC3) were included as covariates in the fixed effects matrix X to adjust for population stratification
and relatedness among individuals. We used five-fold cross-validation to evaluate the phenotypic prediction accuracy of different
traits. Accuracy was defined as the Pearson correlation coefficient between GEBVs and observed phenotypic values.

Construction of transgenic materials and measurement of soybean quality traits

The CRISPR/CAS9 construct was based on the pBlu-gRNA vector and CAS9 MDC123 (Addgene plasmids 59188 and 59184)
following the method previously described.'** The 20-bp target sequence (5-AGTGATACAAACCAAGAGTG-3’) was designed in
the fifth exon of the GmMSWEET30a (Glyma.13G041300) coding sequence. The synthesized target sequence was inserted into
pBlu-gRNA (Addgene plasmids 59188) at the Bbsl site. After digested with EcoRl, the generating gRNA cassette was cloned into
CAS9 MDC123 (Addgene plasmids 59184). The resulting construct was transformed into cultivated soybean [Glycine max (L.)
Merr.] ecotype Williams 82 via Agrobacterium tumefaciens strain EHA105. For field experiments, soybean plants were cultivated
in Changchun, Jilin Province, China. Mature seed oil and protein contents were measured in a Antaris Il target spectrometer (Antaris
Il, ThermoFisher, USA).

Plasmid construction and plant transformation

To create His-GmNST1AH2" and His-GmNST1AM#2 recombinant proteins, their coding sequence (CDS) fragments were cloned into
the pET28a vector. To generate GmNST1AMP"-GFP and GmNST1AMP2_.GFP constructs, the CDSs were cloned into the pUC19-
35S-GFP vectors. To construct the plasmid GmSHAT1-5pro:LUC for Dual-LUC transcriptional activity assay, the 3 kb
GmMSHAT1-5 promoter sequence was amplified and cloned into pGreenll0800-LUC vector. To obtain constructs for promoter activity
analysis, a 3123 bp promoter sequence of GmSWEET30a"#"" or GmSWEET30a"#? were cloned into pGreenll0800-LUC vector.

The full-length CDSs of GmR)53 3P4 \yere introduced into the pBT3-SUC vector as bait vectors. To construct the prey vectors,
we cloned full-length CDSs of GmREM1a and NopL into the pPR3-N vector. The coding regions of GmNST1A"” and GmNST1AM3P2
were cloned into pB42AD vector. A 319 bp promoter sequence of GmSHAT1-5 was cloned into pLacZi vector.

To generate the GmRj5"aP1-HaP4_(A and GmREM1a-GFP or NopL-FLAG constructs, we cloned CDS of each gene into the pUC19-
35S-HA, pUC19-35S-GFP vector, and pUC19-35S-FLAG vector. The CDSs of GmRj5" 7% ere cloned into the pSPYCE
(M) vector to generate GmRj5"aP"-HaP4_yFpC  GmREM1a and NopL were cloned into the pSPYNE173 to generate GmREM1a-
YFPN or NopL-YFP".
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Subcellular localization of proteins
The constructs of GmMNST1AMPT_GFP and GmNST1AH32_GFP were co-expressed with RFP in Arabidopsis protoplasts and incu-
bated in darkness for 16 h as described previously.'*® Transformed protoplasts were observed using a fluorescence microscope
(ZEISS980, Carl Zeiss). GFP fluorescence was excited at 488 nm, while RFP fluorescence was excited at 561 nm.

The GmNST1AP1_GFP and GmNST1A"32_GFP were co-expressed with H2B-mCherry in Nicotiana benthamiana, and fluores-
cence signals were detected using ZEISS980 at 48 h after transformation. H2B-mCherry was used as control for nuclear localization.

Yeast one-hybrid assay

The constructs were co-transformed into yeast strain EGY48, with the empty vector pB42AD and placZ serving as negative controls.
The yeast cells were grown on synthetic drop-out/-Trp/-Ura (-TU) medium or synthetic drop-out/-Trp/-Ura with X-gal (-TU+X-gal) me-
dium for 3 days.

Dual membrane system Y2H assay

Different combinations of the constructs were co-transformed into the yeast strain NMY51. Yeast cells were spread on
synthetic dropout media without Leu and Trp (DDO) or without Leu, Trp, His, and Ade (QDO) with X-a-gal. The positive control
pTSU2-APP and pNubG-Fe65 were co-transformed into strain NMY51. For functional validation, pBT3-SUC-GmR;j5Hari-Har4
and pBT3-N (bait plasmid) or pOst1-Nubl (prey plasmid) were co-transformed into strain NMY51. Plates were cultivated at
30°C for 3 days.

Electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) was conducted as previously described.'** The constructs His-GmNST1AMP! and His-
GmNST1AM°2 were transformed into Escherichia coli BL21 cells. The recombinant proteins were induced by 0.2 mM of Isopropyl-
beta-D-thiogalactopyranoside (IPTG) and incubated overnight at 22°C. The proteins were purified on Ni Sepharose and eluted with
elution buffer (50 mM Tris-HCI, pH 7.2 and 250 mM imidazole). Oligonucleotide probes were synthesized and labeled with biotin at the
5’ end (Sangon). The proteins were incubated with 2 nM biotin-labeled probe, cold probe at 27°C for 20 min using a LightShift Chemi-
luminescent EMSA Kit (Thermo Fisher). The reaction products were separated by 6.5% native polyacrylamide gel electrophoresis
and transferred onto a nitrocellulose membrane. The binding signals were carried out following the manufacturer’s instructions.
The primers were listed in Table S5.

Transcriptional activity assay

The Dual-Luciferase transcriptional activity assay in Arabidopsis protoplasts was performed as described previously.'*® Arabidopsis
protoplasts were isolated from 3-week-old seedlings. The effector constructs GmNST1A™P1-GFP or GmNST1AH3*2_GFP was co-
transformed with GmSHAT1-5pro:LUC reporter construct into Arabidopsis protoplasts via the polyethylene glycol (PEG)-mediated
protocol. After incubation in darkness for 16 hours, total proteins were extracted from the protoplasts with a Dual-Luciferase Reporter
Assay Kit (Promega). The LUC/REN ratio was used to calculate GmSHAT17-5 promoter activity. 35S:REN was used as an internal
control.

The promoter activity analysis was performed using Arabidopsis protoplasts as previously described.'*® The GmSWEET30a'"#?-
pro:LUC and GmSWEET30a"?pro:LUC plasmids were used for transient transformation into Arabidopsis protoplasts for 16
hours. Total proteins were extracted from the samples using Dual-Luciferase Reporter Assay Kit (Promega). The LUC/REN ratio
was used to calculate GmSWEET30a promoter activity. 35S:REN was used as an internal control. The primers were listed in
Table S5.

Co-immunoprecipitation assay

To determine the interaction of GmRj5H3P1-HaP4_HA and GmREM1a-GFP or NopL-FLAG, the Co-immunoprecipitation (Co-IP) assay
in Arabidopsis leaf protoplasts was performed as described in a previous study.'*” GmRj5HaP-HaP4_HA and GmREM1a-GFP or
NopL-FLAG were transformed into protoplasts via the PEG-mediated protocol. Total protein was extracted from protoplasts after
incubation for 16 h using IP buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.2% Triton X-100, 1 mM PMSF, 5 mM DTT, and protease
inhibitor cocktail) and immunoprecipitated by GFP magnetic beads (MBL) or FLAG magnetic beads (Lablead) for 3 hours at 4°C. The
beads were washed five times with PBS buffer (10 mM Na,HPO,4, 2 mM KH,PO4, 150 mM NaCl, 2.7 mM KCI). The immunoprecip-
itated proteins were boiled in SDS loading buffer. The proteins were separated on 8%-15% SDS polyacrylamide gel electrophoresis,
subjected to immunoblot analysis and detected with anti-HA antibodies (MBL), anti-GFP antibodies (TransGen) or anti-FLAG anti-
bodies (MBL). The band intensity was quantified by the Image J software.

Bimolecular fluorescence complementation

The BiFC vectors GmRj5™aP1Har4 yFPC and GmREM1a-YFPN or NopL-YFP" were transformed into Agrobacterium tumefaciens
GV3101 and then injected into Nicotiana benthamiana leaves. After 48 h, the GFP signal detected and imaged using ZEISS 980
(Carl Zeiss).
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QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using R (4.2.0). The statistical tests used for each experiment were listed in figure legends.
When comparing phenotypes, if there were two groups, we used two-tailed wilcox.test or two-tailed t.test in R. When there were
more than two groups, we used kruskal.test or ANOVA in R, and the post hoc test was performed by dunnTest function in FSA pack-
age or TukeyHSD in multcomp package.
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Figure S1. Statistics and genomic variations of 8,105 soybean accessions, related to Figure 1

(A) Numbers of soybean accessions collected from each country.

(B) Annotation of 48,563,254 SNPs.

(C) Principal-component analysis of 8,105 soybean accessions.

(D) LD decay of cultivars, landraces, and wild soybeans. Using 2 = 0.1 as the LD threshold, LD decay distances are approximately 0.2 kb in wild soybeans, 203.4
kb in landraces, and 296 kb in cultivars.

(E) Cross-validation error of admixture analysis from K=3to K=7.

(F) Geographical distribution of two black soybean clades in China.

(G) D statistics among wild soybeans, black soybeans, and landraces, calculated using the ABBA-BABA test. Statistical tests were performed by the Kruskal-
Wallis test and Dunn’s post hoc test in R.
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Figure S2. Genes under selection during the soybean domestication, related to Figure 2
(A) Selective sweeps identified in wild soybeans to black soybeans stage, detected by RAISD, = ratio, Fst, and XP-CLR.
(B) Selective sweeps identified in black soybeans to landrace stage, detected by RAISD, = ratio, Fst, and XP-CLR.

1 2 3 4 5 6 7 8 9 10 111213 14 15 1617 18 19 20

(C) Haplotype distribution of G, GmSHAT1-5, and GmNST1A across wild soybeans, landraces, cultivars, and black soybeans.
(D) Phylogenetic tree of the G gene, with different types of varieties distinguished by different colors. The tree is constructed based on the total SNPs and indels

within the gene region, and branch lengths are proportional to genetic distance (scale bar, 0.01 substitutions per site).

(E) Gene structure and functional allele frequency of the G gene in different soybean accessions. The G gene is not significantly selected during the wild soybeans
to black soybeans stage but is selected for the short-dormancy allele in the subsequent black soybeans to landraces stage.

(F) Fst analysis of two clades of black soybeans.
(G) XP-CLR analysis of two clades of black soybeans.
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(A) Structure of the two GmNST1A protein variants, with the conserved NAC transcription factor domain highlighted in orange.
(B) Subcellular localization of the two GmNST1A protein variants in tobacco leaves. Fluorescent signals are visualized by confocal microscope. Scale bar, 50 pm.
(C) Subcellular localization of the two GmNST1A protein variants in Arabidopsis protoplasts. Fluorescent signals are visualized by confocal microscope.

Scale bar, 10 pm.

(D) Interaction of GmNST1A isoforms with the GmSHAT1-5 promoter in yeast one-hybrid assay. The transfected yeast cells were grown on synthetic drop-out/
—Trp/—Ura (—TU) medium (left) and on the same medium supplemented with X-gal (—TU + X-gal; right).

(E) EMSA analysis of the binding of two GmNST1A haplotypes to the GmSHAT1-5 promoter fragment. A biotin-labeled GmSHAT1-5 promoter probe is incubated
with recombinant His-GmNST1AM2" or His-GmNST1AM#"2 proteins. Lane 1 shows a free probe without protein. Lanes 24 contain His-GmNST1AM#*" with no

(legend continued on next page)
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competitor (lane 2) and with 50x (lane 3) or 100x (lane 4) molar excess of unlabeled (“cold”) probe. Lanes 5-7 contain His-GmNST1A"32 under the same
competitor conditions. Asterisk indicates a GmNST1A-bound probe. The position of the free (unbound) probe is indicated at the bottom.

(F) Dual-LUC assay showing differential activation of the GmSHAT1-5 promoter by two GmNST1A haplotypes. Top: schematic of the effector and reporter
constructs. Effector plasmids express either free GFP or GmNST1AM3P'-GFP or GmNST1A"3P2_GFP fusions under the Super promoter. The reporter contains a
Renilla luciferase (REN) gene driven by the constitutive 35S promoter for normalization and a firefly luciferase (LUC) gene under control of the GmSHAT1-5
promoter. Bottom: quantification of promoter activation in transiently transformed Arabidopsis protoplasts. GmSHAT1-5pro:LUC and effector-free GFP,
Super:GmNST1AMeP"-GFP, or Super:GmNST1A"2-GFP were co-transformed into Arabidopsis protoplasts. Bars represent mean + SD from three independent
experiments (one-way ANOVA and Tukey’s test).

(G) Western blot validation of expression of the two GmNST1A-GFP fusion proteins in the dual-LUC assay. Molecular weight markers (in kDa) are shown on
the right.
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Figure S4. Genes under balancing selection during soybean dissemination, related to Figure 3

(A) Balancing selection was identified by Tajima’s D (>2). Known genes are classified into four categories: flowering time (blue), biotic and abiotic stress (purple),
yield-related (red), and oil and protein content (green).

(B) Haplotype distribution of Dt7 in soybean cultivars. Haplotypes are defined based on six non-synonymous mutations in the gene coding sequence.
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Figure S5. GWAS analyses of soybean oil and protein content, related to Figure 4

(A) Prediction accuracy of genomic estimated breeding values (GEBVs) for protein and oil content calculated by the genomic best linear unbiased prediction
(GBLUP) method. Accuracy is assessed by 5-fold cross-validation with 10 replicates per trait. Data are presented as mean + SD (n = 50). Accuracy is defined as
the Pearson correlation coefficient (r) between GEBVs and observed phenotypic values.
(B) GWAS results for total protein and oil content (raw data) in 1,550 soybean samples.
(C) GWAS results for oil content (raw data) in 1,554 soybean samples.
(D) GWAS results for GEBVs (oil content) in 2,100 soybean samples.
(E) GWAS results for protein content (raw data) in 1,550 soybean samples.
(F) GWAS results for GEBVs (protein content) in 2,100 soybean samples.
(legend continued on next page)
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(G) Expression pattern of the GmSWEET30a across soybean tissues. GmSWEET30a is highly expressed in the seed coat (transcripts per million = 298.684,
colored in red) during the R3 to R8 developmental stages, with data sourced from the SoyOmics database.

(H) Maximume-likelihood phylogenetic tree of GmSWEET30a and four other highly homologous genes. The tree is constructed in molecular evolutionary genetics
analysis, version X (MEGA-X), using amino acid sequences, with 1,000 bootstrap replicates. Scale bar, 0.05 amino acid substitutions per site.

(I) Schematic of the GmSWEET30a coding region (black boxes, exons; thin lines, introns) showing the CRISPR-Cas9 target site (red line). Below: DNA and
predicted protein sequence alignments for the WT and two independent mutant alleles. The WT sequence spanning codons 156-163 (GTG ATA CAA ACC AAG
AGT) encodes V-I-Q-T-K-S. For GmSWEET30b, a 6-bp deletion (dashes) removes “CCAAGA,” resulting in loss of T and K (red dashes). For GmSWEET30a, a
large fragment deletion causes a frameshift mutation. Amino acid positions are indicated at the ends of each sequence.
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Figure S6. Soybean QTN library for selected genes, related to Figure 5 and Table S4
Allele frequencies of 92 functional variants in different soybean subpopulations: wild soybeans (green), black soybeans (black), landraces (blue), and
cultivars (red). The legend on the left reflects the relationship between allele frequency and color. Frequencies are calculated based on the reference allele at each

QTN site.
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