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exchange of these “breeding-specific” beneficial
alleles is lacking. Here, we performed a large-scale
genomic dissection of 2,377 soybean accessions,
integrating 8.4 million high-quality SNPs with
multi-environment phenotyping across 11 loca-
tions. Through genome-wide association studies
(GWAS), we identified 261 significant loci (223
novel) governing six key agronomic traits, revealing
that Chinese and American germplasms have ac-
cumulated distinct sets of beneficial alleles of seed
size/protein in China and oil/yield in the Americas.
To harness this untapped potential, we developed
the Soybean Targeted Improvement Navigation

Li-Juan Qiu

Chengzhi Jiao

ABSTRACT

Soybean (Glycine max [L.] Merr.) was domesticated
in China over five millennia ago; yet, its global ex-
pansion has resulted in two distinct, independently
evolved breeding pools in China and the Americas.
While regional breeding has optimized specific
traits, a comprehensive roadmap for the reciprocal

System (STINS), a framework integrating pop-
ulation genomics, GWAS, and genomic selection
(GS). We demonstrate the potential of targeted
beneficial allele introgression between populations
via gene modification for rapid trait improvement.
Proof-of-concept functional evaluation through
CRISPR/Cas9-mediated knockout of GmSTO05 in an
American cultivar and overexpression of a resistant
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Divergent selection in Chinese and American soybean

GmMSNAP18 haplotype in a Chinese cultivar provided
experimental support for STINS-predicted targets for
protein content and SCN resistance improvement.
Our study provides a navigable genomic resource
for “knowledge-driven design breeding”, offering a
blueprint for the global exchange of elite alleles to
ensure future food security.
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INTRODUCTION

Soybean is a cornerstone of global agriculture, providing a
primary source of vegetable oil and protein for both
human nutrition and animal feed. Originating from domes-
tication in central China over 5,000 years ago (Jeong et al.,
2019; Li et al., 2023), soybean evolved into a diverse array of
landraces. A small fraction of this genetic diversity was
subsequently introduced to Europe and North America in the
18th century, and later to South America (Qiu et al., 2011).
This geographical expansion, which established Brazil, the
United States, and Argentina as leading producers (Qiu et al.,
2011), demanded profound genetic adaptations to disparate
agro-ecological zones. As a photoperiod-sensitive short-day
plant, its successful cultivation in higher-latitude regions was
enabled by natural and human selection of mutations in key
flowering time genes, such as the E7 family, Tof77, and
Tof12/GmPRR3b (Tsubokura et al., 2014; Lu et al., 2017; Li
et al., 2020). Conversely, adaptations like the long juvenile
trait, conferred by mutations in J and Tof16, facilitated its
expansion into tropical regions (Dong et al., 2021). Parallel to
these adaptive changes, breeders have consistently targeted
genes governing plant architecture, such as Dt7 and Dt2, to
enhance yield potential (Liu et al., 2010; Liang et al., 2022).
Distinct regional market demands and pathogen pres-
sures have further sculpted divergent breeding goals, driving
genomic divergence between major production regions.
Chinese breeding programs have traditionally emphasized
high protein content for direct food uses, such as tofu and
soymilk, while American programs have prioritized a balance
between oil content and yield for industrial and feed markets
(Grieshop and Fahey, 2001; Xu et al., 2022). This divergence
extends to biotic stress resistance, with soybean mosaic
virus (SMV) being a paramount threat in China (Lin et al.,
2022) and soybean cyst nematode (SCN) inflicting massive
economic losses in the Americas (Allen et al.,, 2017).
Consequently, Chinese and American breeders have likely
selected for different sets of beneficial alleles from the shared
genetic foundation of East Asian landraces, potentially
leading to significant genomic and phenotypic differentiation.
Recently, the dissemination of key known genes was
well described with 8,105 soybean accessions for adaptation
and selection across ecological (Zhu et al., 2025), a com-
prehensive, genome-wide understanding of the genetic
divergence underlying this adaptation and breeder selection
remains incomplete. Key questions persist: How is the
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genomic structure of modern cultivars partitioned between
these two major breeding germplasms, and what is the
extent of genetic diversity retained after the founding event
and selection breeding? What are the specific genetic loci
responsible for their distinct agronomic trait profiles, and how
many valuable alleles remain unexploited? To what extent
have unique sets of beneficial alleles been preferentially
accumulated in each population, and can they be utilized for
reciprocal improvement? A comprehensive framework ca-
pable of answering these questions would therefore integrate
population genomics, GWAS, and predictive breeding to
systematically evaluate this untapped potential for reciprocal
improvement.

To address these questions, we analyzed a worldwide
collection of 2,377 soybean accessions, including wild soy-
beans, landraces, and improved cultivars from China and the
Americas, utilizing over 8.4 million high-quality SNPs derived
from whole-genome resequencing data (Zhou et al., 2015;
Li et al., 2020, 2023; Liu et al., 2020). We integrated high-
throughput genotyping with multi-environment phenotyping
for six key agronomic traits. Our study () elucidates the
population genetic structure and quantifies the genetic di-
versity and relationship between Chinese and American
germplasm; (i) identifies trait-associated loci through GWAS,
revealing a reservoir of novel, high-value loci beyond pre-
viously known genes; (i) quantifies the differential accumu-
lation of beneficial alleles for divergent breeding targets in
Chinese and American improved cultivars, defining breeding-
specific allele sets; and (iv) validates the functional potential
of these alleles through genomic selection models and a
proof-of-concept gene-modified strategy, establishing a
framework for targeted genetic improvement. By dissecting
the genomic basis of this divergence, our work provides a
valuable resource and a navigable system for the strategic
utilization of alien beneficial alleles to accelerate future,
knowledge-driven soybean breeding.

RESULTS

Population genetic structure and diversity of soybean
from China and the Americas

To investigate the genomic divergence between Chinese and
American soybean cultivars in a broader geographic context,
we analyzed 2,377 soybean accessions, comprising wild
accessions, landraces, and improved cultivars from diverse
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geographic regions (Dataset S1). Specifically, the panel con-
sists of 218 wild accessions, 1,101 landraces, and 1,058 im-
proved cultivars. Among wild accessions, 179 originate from
China, 19 from Japan, nine from Russia, 10 from Republic of
Korea, and one from the United States. The landraces com-
prise 1,087 accessions from China, one from Democratic
People's Republic of Korea, and 13 from Republic of Korea.
The improved cultivars include 598 accessions from China, 432
from the United States, and 28 from Canada. All accessions
had publicly available whole-genome resequencing data (Zhou
et al., 2015; Li et al., 2020, 2023; Liu et al., 2020). Raw re-
sequencing data were aligned to the Williams 82 v4 reference
genome (Schmutz et al., 2010), yielding 61,254,543 single
nucleotide polymorphisms (SNPs). After stringent filtering,
8,485,501 high-quality SNPs were retained for downstream
analyses (Figure S1; Table S1). Based on these SNPs,
we systematically analyzed the population structure and
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genetic diversity of soybeans (Figure 1A). At K=2, all
accessions were clearly separated into wild and cultivated
soybeans. At K =8, cultivated soybeans were subdivided
into seven sub-populations: landraces from the Huang-
Huai region of China (L_CR) and improved cultivars from
the same region (I_CR); landraces from South China
(L_SR) and improved cultivars from South China (I_SR);
landraces from North China (L_NR) and improved cultivars
from North China (I_NR); and improved cultivars from
the United States and other American countries (I_Am)
(Figure 1A). At K=2-4, L_CR showed genetic similarity to
wild soybeans, supporting the hypothesis of soybean
domestication in the Huang-Huai region (Li et al., 2023).
From K =5-8, landraces and improved cultivars from the same
region clustered together, indicating independent breeding ef-
forts within each ecological zone. |_Am clustered closely with
L_NR and shared a proportion of genetic components,
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Figure 1. Divergence of genetic structure and phenotypic traits between Chinese and American soybean accessions

(A) Top panel displays the phylogenetic tree of all genome-sequenced soybean accessions. The population structure for K ranging from two to eight
subgroups is presented below. The cultivated soybean accessions are categorized into Lan (landrace), I_CN (China improved), and |_Am (Americas
improved), or geographically divided into three groups: CR, China Huang-Huai Region; SR, China South Region; NR, China North Region. (B) Nucleotide
diversity (m) and population differentiation (Fst) of Lan, I_CN, and |_Am. The value in each circle represents the nucleotide diversity of this group, and the
value on each line shows the population differentiation between the two groups. (C) Genome-wide decay of linkage disequilibrium (LD) in Lan, I_CN, and
I_Am. (D) Traits prioritized differently during improvement in China and the Americas. Chinese breeders favored 100-seed weight, resistance to mosaic
virus, and protein content, while American breeders favored seed weight per plant, resistance to soybean cyst nematode, and oil content. One-tailed t-test

significance: *P < 0.05; **P < 0.01; **P < 0.001.
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suggesting that American improved cultivars likely originated
from the introduction and subsequent improvement of North
Chinese landraces (Figure 1A).

To efficiently compare breeding processes between China
and the Americas, we merged the three Chinese landrace
groups (L_NR, L_CR, L_SR) into a single pre-improvement
group (Lan). Similarly, the three Chinese improved cultivar
groups (I_NR, I_CR, I_SR) were combined into a post-
improvement Chinese group (I_CN), while |_Am was retained
as the American improved group. Genetic diversity analysis
revealed that Lan had the highest nucleotide diversity
(1.35 x 1073), followed by I_.CN (1.12 x 107%), and I_Am
(1.08 x 1073 (Figure 1B). The fixation index value (Fs7)
between the Lan and I_Am groups was 0.098, followed by
Lan and I_CN (0.068), and |_CN and I_Am (0.048) (Figure 1B).
Linkage disequilibrium (LD) decay showed a consistent trend
(Figure 1C).

We further compared agronomic traits among the three
groups. Both Chinese and American improved cultivars
showed significant increases in 100-seed weight compared
to Lan (average value, |_CN: 17.19, I_Am: 14.90, Lan: 13.94),
with a greater increase in Chinese cultivars, indicating that
seed weight is a common breeding target, but with stronger
emphasis in China. For resistance to mosaic virus, both im-
proved groups exhibited enhanced resistance (I_CN: 2.97,
I_Am: 3.50, Lan: 3.72), though the improvement was more
pronounced in Chinese cultivars. In contrast, protein content
decreased significantly in both improved groups relative to
Lan (I_CN: 41.92, I_Am: 40.98, Lan: 43.41), but the reduction
was less in Chinese cultivars, possibly due to the use of
soybeans for feed in China. For seed weight per plant (I_CN:
15.09, I_Am: 16.81, Lan: 14.66), resistance to SCN (I_CN:
2.94, I_Am: 2.60, Lan: 2.88), and oil content (I_CN: 20.43,
I_Am: 20.94, Lan: 18.72), American cultivars showed stronger
selection gains. These results indicate that Chinese breeding
has prioritized seed weight, SMV resistance, and protein
content, whereas American breeding has focused more
on seed weight per plant, SCN resistance, and oil content
(Figure 1D).

GWAS identifies candidate genes and loci for breeding
traits of soybean

To comprehensively identify functional genes and quantitative
trait loci (QTL) associated with key breeding traits, we col-
lected phenotypic data for six traits from 1,910 cultivated
soybean accessions (landraces and improved cultivars) eval-
uated across 11 locations ranging from 28°41’ to 45°45’' N
(Nanchang, Wuhang, Hefei, Nanjing, Mengcheng, Xuzhou,
Liaocheng, Shijiazhuang, Tonghua, Gongzhuling, Harbin)
(Figure S2). Traits included yield-related traits (100-seed
weight, seed weight per plant), quality traits (seed oil and
protein content), and resistance traits (SCN and SMV). Best
linear unbiased predictors (BLUPs) values were calculated
for each trait with multiple-year and environment data. Phe-
notypic distributions and cross-environment consistencies
confirmed high data quality suitable for GWAS.

4 Month 2026 | Volume 00 | Issue 00 | 1-15
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Using 8,485,501 high-quality SNPs, we performed GWAS
with the FarmCPU model, setting a significance threshold of
—Log10(P) =8 (Bonferroni correction). Candidate loci were
filtered to retain only those detected in BLUP values and in at
least two individual environments. Within LD blocks, only the
peak SNP with the strongest signal was retained. In total, 261
peak SNPs associated with breeding traits were identified,
corresponding to 3,626 candidate genes, including well-
known cloned genes such as GmST05/GmMFT, GmSNAP18,
GmGA3ox1, GmPRR3b, GmSWEET39, POWRT1, and Dt1
(Figures 2A, S3-S8; Dataset S2; Liu et al., 2010, 2017; Li
et al., 2020; Miao et al., 2020; Duan et al., 2022; Goettel et al.,
2022; Hu et al., 2022; Cai et al., 2023a). The distribution of
these candidate loci varied significantly among Lan, I_CN,
and I_Am (Figure 2B). Among them, 38 were previously
known, while 223 were novel (Dataset S3). Phenotypic var-
iation explained (PVE) by known loci was generally higher
than that of novel loci; however, there are still 100 novel loci
that showed PVE values exceeding those of some known
loci, which are regarded as the most promising candidates
for future soybean molecular breeding (Figure 2C). Novel loci
with PVE above the lower quartile of known loci were most
frequently associated with 100-seed weight and protein
content (Figure 2D), highlighting their potential for future
breeding.

To characterize the associated loci, we performed de-
tailed genetic analyses for represented loci of two yield-
related and two quality-related key traits. For 100-seed weight,
three novel loci were further investigated: Gm06-5,660,496,
GmO06-13,756,943, and Gm12-5,506,964. The beneficial hap-
lotypes of Gm06-5,660,496 and Gm06-13,756,943 were more
frequent in Chinese than American cultivars and were
selected across all Chinese regions but not in the Americas
(Figure S9). Gm06-5,660,496 was strongly associated with
Glyma.06G073800, which was an unknown functional
gene, whereas Gm06-13,756,943 was associated with
Glyma.06G165800 (encoding BIC1A_XENLA protein)
(Table S2). Gm12-5,506,964 was the known causal SNP of
the flowering gene GmPRR3b (—Logio(P)=8.68) via
changes in the stop codon (Figure S10A, B). Its beneficial
large-seed haplotype (Hap1: TT) was slightly more frequent in
Chinese than American cultivars (Figure S10C, D), with the
highest frequency in North China (99.53%), lowest in Central
China (53.23%), and similar frequencies in South China
(95.52%) (Figure S10E). For protein content, two novel loci
(Gm10-45,121,943 and Gm19-46,531,530) showed higher
beneficial high-protein haplotype frequencies in Chinese cul-
tivars, with selection in both China and the Americas
(Figure S11). Gm10-45,121,943 was strongly associated
with Glyma.10G218500, which contained a WD domain.
Gm19-46,531,530 was associated with Glyma.19G203400,
which was glutamate carboxypeptidase (Table S2). For
seed weight per plant, two loci (Gm06-49,320,584 and
Gm10-45,600,754) had higher beneficial high-yield haplotype
frequencies in American cultivars (Figure S12). Gm06-49,320,584
was strongly associated with Glyma.06G309300, which was a
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Figure 2. Novel agronomy trait-associated loci and their potential benefits in breeding

(A) Combined Manhattan plot of six agronomy traits across the 20 chromosomes. (B) Allele types are indicated for each locus (per horizontal line), with
beneficial alleles in red and other alleles in blue. Each individual's allele type is depicted vertically. (C) Differences in the proportion of variation explained
(PVE) between known genes and novel loci, along with the corresponding P-value from a One-tailed t-test, are shown (*P < 0.05; **P < 0.01; ***P < 0.001).
(D) Number of novel alleles with a PVE higher than the lower quartile value of known genes is displayed for four traits.

choline kinase. Gm10-45,600,754 was associated with
Glyma.10G224700, which was an unknown functional gene
(Table S2). For oil content, two loci (Gm08-46,684,397 and
Gm08-17,840,625) also showed Americas-specific high-oil hap-
lotype frequencies (Figure S13). The two loci were associated
with Glyma.08G361500 and Glyma.08G218500, which were
callose synthase and ATPase, respectively (Table S2).

Distribution characteristics of beneficial alleles in
Chinese and American soybeans

To compare the difference of genome selection resulted
from the independently Chinese and American soybean
breeding, we focused on six traits with divergent breeding
priorities: 100-seed weight, seed weight per plant, seed
protein content, seed oil content, SCN resistance, and SMV
resistance. Beneficial alleles for six traits were identified
based on phenotypic effects and breeding directions
(Figure S14; Dataset S4). Additive effects were significant in
Lan, I_CN, and |_Am, with trait values improving as benefi-
cial alleles accumulated, though correlation coefficients

www.jipb.net

varied (Figure 3A). This indicates that these loci have been
consistently selected during breeding.

For the three traits prioritized in Chinese breeding (high
100-seed weight, SMV resistance, high protein content),
I_CN accumulated more beneficial alleles than I_Am. Con-
versely, for the three US-prioritized traits (high seed weight
per plant, SCN resistance, high oil content), |_Am had more
beneficial alleles (Figure 3B). Based on the distribution
of favorable allele frequencies, we used a percentile-based
criterion and defined the top 20% of loci with the largest
frequency differences as region-specific beneficial alleles.
Loci with higher frequency differences in I_CN relative to
I_Am were defined as Chinese-specific, and vice versa. This
yielded 60 Chinese-specific beneficial alleles (25 for 100-seed
weight, four for SMV resistance, 31 for protein content) and
55 Americas-specific beneficial alleles (20 for seed weight per
plant, three for SCN resistance, 32 for oil content) (Figure 3C).
These specific alleles were enriched in genomic regions
differentiating I_CN and I_Am, with some overlapping
known functional genes, such as E3, GmFATA1B, and so on
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Figure 3. Differential alleles at trait-associated loci preferred by Chinese and American breeders

(A) Relationship between the number of beneficial alleles and phenotype values. The correlation and corresponding correlation test are indicated for each
sub-population. Each dot represents one soybean accession in a certain environment. (B) Difference in the accumulation of beneficial alleles among sub-
populations. One-tailed t-test significance: *P < 0.05; **P < 0.01; ***P < 0.001. (C) Number of specific beneficial alleles in |_CN and I_Am. (D) Genetic
improvement differences between Chinese and American improved soybeans: (a) Fs; between I_CN and I_Am sub-populations, (b) Known genes located
within the top 10% F; regions. (c) |_CN-specific loci. The frequency of beneficial alleles was calculated separately for |_CN and I_Am sub-populations. For
each locus, the difference in frequency (I_CN-I_Am) was determined, with the top 20% quantile defined as CN-specific loci. Analogously, the top 20%
quantile of the frequency difference (I_Am-I_CN) was defined as |_Am-specific loci (d). (E) The frequency of specific beneficial alleles in I_CN and I_Am.

(Xu et al., 2013; Cai et al., 2023b; Li et al., 2024). Most of the
specific alleles are newly discovered and are more distributed
in the highly divergent genome regions of soybeans between
China and the Americas (Figure 3D). The frequency

6 Month 2026 | Volume 00 | Issue 00 | 1-15

distribution differences of specific alleles selected for
breeding in I_CN and I_Am. These include several known
functional genes associated with key agronomic traits. For
instance, Ln (Jeong et al., 2012), which is associated with
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leaflet shape and number of seeds per pod, has a beneficial
allele genotype designated as C. The frequency of this gen-
otype was 0.37 in the I_CN and 0.05 in the |_Am. Similarly,
GmST05/GmMFT (Duan et al., 2022; Cai et al., 2023a), an oil
content-associated gene, has higher-oil genotype A. The
frequency of this genotype is 0.86 in the _CN and 0.95 in the
I_Am (Figure 3E). These specific beneficial alleles provide
important breeding modification loci for the targeted im-
provement of soybeans.

Genome selection model for soybean improvement
through simulated genetic modification

We evaluated the potential contribution of identified benefi-
cial alleles to breeding using genome selection (GS). Four GS
algorithms, including the linear model rrBLUP and three
nonlinear machine-learning algorithms (SVR, RF, and LGB),
were tested for accuracy and stability. In each of 100 iter-
ations, 80% of the panel was randomly selected as the
training population to predict the remaining 20% using seven
allele sets: randomly selected, common |I_CN and I_Am
beneficial alleles, I_CN-specific, |_Am-specific, all _CN ben-
eficial alleles, all |_Am beneficial alleles, and a combined
set. All four algorithms showed the same overall pattern as
rrfBLUP: For 100-seed weight and protein content, |_CN-
specific alleles significantly improved prediction accuracy
compared to |_Am-specific alleles. For grain weight per plant
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Divergent selection in Chinese and American soybean

and oil content, I_Am-specific alleles performed better. Using
all beneficial alleles from I_CN or |_Am improved accuracy for
respective target traits, and the combined set achieved the
highest accuracy, validating the effectiveness of the detected
alleles (Figures 4A, S15). To further verify the robustness
of these observations, we performed GS analyses separately
for the Chinese and American subpopulations using the
same four algorithms. Consistent conclusions were obtained
across subpopulations, supporting the reliability of our
findings.

We simulated the improvement of Chinese soybeans
using Americas-specific beneficial alleles for grain weight
per plant and oil content. Using the rrBLUP algorithm,
genomic estimated breeding values (GEBVs) for |_CN
were significantly lower than for I_Am. Substituting I_CN
alleles with Americas-specific beneficial alleles pro-
gressively increased GEBVs, reaching I_Am levels after
replacing 9 loci for seed weight per plant and 10 loci for oil
content (Figure 4B). Similarly, using Chinese-specific
alleles to improve American soybeans for 100-seed
weight and protein content required replacing 9 and 4 loci,
respectively, to reach I_CN levels (Figure 4B). Further
substitutions continued to enhance performance. These
results demonstrate the potential of targeted allele
introgression via gene editing or genetic modification for
rapid trait improvement.
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Figure 4. Construction of GS prediction model and gene-editing-enhanced prediction system based on beneficial alleles

(A) Genomic prediction accuracies for 100-seed weight, protein content, seed weight per plant, and oil content using different databases. (B) Based on
I_CN beneficial alleles for 100-seed weight and Protein content, genomic estimated breeding values (GEBVs) for |_Am. Based on I_Am beneficial alleles for
seed weight per plant and oil content, genomic estimated breeding values (GEBVs) for |_CN.
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Soybean targeted improvement navigation system and
its breeding application

Here, we present a Soybean Targeted Improvement
Navigation System (STINS, https://sfgb.rmbreeding.cn)
that integrates genomic selection and gene modification
technologies to enable precision trait improvement. The
data layer contains 2,377 soybean accessions, six key
phenotypes, genome-wide genotypes, GWAS-associated
loci, and China-/Americas-specific beneficial alleles
across 256 functional loci. The algorithm layer includes
genomic selection models (rrBLUP, SVR, RF, and LGB) for
phenotype prediction and simulation of allelic substitution
effects. The application layer describes user inputs and
outputs, including target germplasm selection, trait se-
lection, retrieval of favorable/non-favorable alleles, priori-
tization of editable loci, and predicted breeding values
after simulated modification. Initially, we defined trait
prioritization profiles for Chinese and American breeding
programs, with the former emphasizing 100-seed
weight, SMV resistance, and protein content, and the
latter prioritizing seed weight per plant, SCN resistance,
and oil content. A comprehensive database of breeding-
beneficial alleles was established, incorporating both
China- and Americas-specific beneficial alleles across 256
functional loci for six key traits. Central to the system is a
genomic selection model trained on Chinese and Amer-
ican soybean populations, which not only predicts phe-
notypic values from genotype data but also simulates the
outcomes of gene modification on target traits by: (i) se-
lecting the sample that needs to be improved; (ii) selecting
the phenotype that needs to be improved, which will
output all the favorable allele and non-favorable allele
information corresponding to this sample's phenotype;

Journal of Integrative Plant Biology

(iii) selecting the loci that need to be edited; and (iv) pre-
dicting the breeding value of the simulated sample using
genomic selection (Figures 5, S16).

To validate the practicality and accuracy of this navigation
system, and to test whether its predicted elite alleles could
confer measurable improvements across diverse genetic
backgrounds, we selected two representative candidate
genes with strong genetic effects and clear agronomic rele-
vance (GmSNAP18 for nematode resistance and GmST05 for
protein content) for simulation experiments and breeding
verification (Liu et al., 2017; Duan et al., 2022; Cai et al.,
2023a). We identified a lead SNP (A/G) in the promoter region
of the GmSNAP18 gene via GWAS (Figure 6A). The
GmSNAP18 gene, a core gene associated with resistance to
soybean cyst nematode, is located at the rhg1 site and
encodes the a-soluble NSF attachment protein (Liu et al.,
2017). The beneficial allele at this locus is GmSNAP18%¢
(Figure 6B), and the frequency of the beneficial haplotype in
American soybeans is significantly higher than that in Chi-
nese soybeans (Figure 6C). The STINS system was employed
to perform genetic simulation on the Chinese soybean variety
Huachun6, which has a non-beneficial allele. It was predicted
that the SCN race 3 female index (SCN3-Fl) would
significantly decrease after genetic modification, and this
gene can serve as a target for resistance improvement of
Chinese varieties (Figure 6D). Through overexpression of the
disease-resistant haplotype, the resistance of the Chinese
soybean variety Huachun6 to soybean cyst nematode was
significantly enhanced in two independent overexpression
lines (Figure 6E). We also identified a protein content-
associated locus featuring an intronic lead SNP (A/C) in
GmSTO05/GmMFT (Figure 6F), a known protein content gene,
which we hypothesized as the causal gene for this locus

(STINS)

Mosaic virus

Cyst nematode

Soybean targeted
improvement
navigation system

ﬂ'{ ] Beneficial alleles database
Chinese breeding  American breeding €% LA 2,377 accessions i Ameri
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1l ¢ of| U°
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Figure 5. Construction of a soybean targeted improvement navigation system (STINS)

Traits prioritized differently during soybean improvement in China and Americas. Chinese breeders favored 100-seed weight, resistance to mosaic virus,
and protein content, while American breeders favored seed weight per plant, resistance to soybean cyst nematode, and oil content. A breeding beneficial
allele database of soybean was established, encompassing China- and Americas-specific beneficial alleles. Construct a genome selection model that
predict the phenotypic values after gene modification. Based on the optimal gene modification target identified through the breeding navigation system,
targeted genetic improvements were implemented using gene editing or genetic modification to develop a variety exhibiting enhanced target traits.
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(A) The gene structure and the target for breeding modification of GmSNAP18. (B) The impact of the two haplotypes of GmSNAP18. The GG genotype is
the breeding-beneficial allele. (C) The gene frequencies of the beneficial allele of GmSNAP18 in China and the Americas. (D) The Chinese soybean variety
Huachun6 contains the non-beneficial allele AA of GmSNAP18. By simulating the predicted breeding value after gene modification through the STINS, the
SCNB3 incidence index of Huachun6 decreased significantly. (E) Comparison of the SCN incidence index of Huachun6 before and after the overexpression
experiment. (F) The gene structure and the target for breeding modification of GmST05. (G) The impact of the two haplotypes of GmST05. The CC
genotype is the breeding-beneficial allele. (H) The gene frequencies of the beneficial allele of GmSTO05 in China and the Americas. (I) The American soybean
variety Williams 82 contains the non-beneficial allele AA of GmSTO05. By simulating the predicted breeding value after gene modification through the STINS,
the protein content of Williams 82 increased significantly. (J) Comparison of protein content of Williams 82 before and after gene modification experiment.

(Duan et al., 2022; Cai et al., 2023a). The beneficial GmST05°
allele was associated with higher protein content but occurred
at low frequency in I_Am (Figure 6G). In contrast, |_CN has a
higher frequency of the beneficial haplotype as a result of
selective breeding (Figure 6H). The navigation system identi-
fied GmSTO05 as an optimal target and predicted a significant
protein content improvement for American soybean following
gene editing (Figure 6l). The American cultivar Williams 82
possesses a non-beneficial haplotype GmST05”. Given that
the GWAS-identified intronic locus in GmSTO05 is linked with
coding-region variants, we employed CRISPR/Cas9 to target
its first exon in Williams 82, generating a frameshift mutation
that resulted in premature translation termination (Zhang et al.,
2026). Consequently, knockout of this unbeneficial gene led to

www.jipb.net

significantly elevated protein contents in the three deletion
mutant lines, validating both the predictive power and prac-
tical utility of our system (Figure 6J). Together, the GmST05
editing experiment and the auxiliary functional evaluation of
GmMSNAP18 provide proof-of-concept experimental support
for the utility of STINS in prioritizing candidate targets for
soybean improvement.

DISCUSSION

The intensive breeding efforts in China and the Americas,
operating under distinct agro-ecological and market pres-
sures, have created two of the world's most important
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soybean gene pools. Our study, by integrating high-density
genomic data from 2,377 accessions with multi-environment
phenotyping for six key traits, provides a genome-wide dis-
section of the genetic divergence between these two germ-
plasms. We move beyond descriptive population structure to
explicitly link genomic variation to divergent trait selection,
identify the functional loci and alleles underpinning
these differences, and demonstrate a practical framework for
their utilization in future breeding. While the phenotypic
divergence toward higher protein in Chinese soybeans and
higher oil in American soybeans has long been appreciated,
our work provides a genome-wide characterization of the
beneficial alleles driving this divergence, identifies numerous
novel trait-associated loci, establishes a simulation-guided
reciprocal improvement framework to deploy these alleles
for soybean breeding, and offers a roadmap for targeted crop
improvement.

Genomic footprints of divergent breeding histories and
objectives

Our population structure analysis confirms that Chinese and
American improved cultivars, despite sharing a common
ancestral origin in Chinese landraces, have formed distinct
genomic clusters (Figure 1A). The clear separation of I_CN
and I_Am subpopulations at K =8 underscores the powerful
effect of decades of independent breeding. The genetic
proximity of I_Am to the North Chinese landraces (L_NR) is
consistent with historical records of germplasm introduction
(Qiu et al., 2011) and suggests that the initial genetic base for
American breeding was relatively narrow.

The observed reduction in genetic diversity from land-
races (Lan) to improved cultivars in both China (I_CN) and the
Americas (I_Am), with |_Am exhibiting the lowest diversity
(Figure 1B, C), is a classic signature of selection and genetic
bottleneck (Fu, 2015). This indicates that while both breeding
programs have selected on a subset of the landrace diversity,
the American bottleneck may have been more severe, po-
tentially due to its narrower founding population and intensive
selection for adaptation to the Midwest's highly productive
but relatively uniform environments (Hyten et al., 2006). In
contrast, the higher retained diversity in Chinese improved
cultivars can be attributed to multiple factors: (i) A broader
parental diversity, with breeding programs actively utilizing a
wide spectrum of landrace and exotic germplasm; (ii) China's
highly complex and variable geography and climate—
spanning from the cool, high-latitude north to subtropical,
low-latitude south—which imposed selective pressures for a
broad genetic base to accommodate widely divergent pho-
toperiods and local climates in this photoperiod-sensitive
short-day plant (Zhou et al., 2015); (iii) diversified breeding
objectives in China, which simultaneously aim to meet the
demands for high oil content for crushing as well as superior
protein quality and functionality for diverse traditional soy-
food processing. This multipurpose breeding strategy has
necessitated and subsequently preserved a wider range of
genetic variation.

10  Month 2026 | Volume 00 | Issue 00 | 1-15
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The phenotypic divergence we observed is a direct re-
flection of these genomic differences and divergent breeding
goals. The stronger emphasis on 100-seed weight in China
aligns with the culinary preference for large-seeded soybeans
for products like tofu and soymilk (Grieshop and Fahey,
2001; Xu et al., 2022). Conversely, the Americas' focus on
seed weight per plant and oil content is driven by the demand
for vegetable oil and animal feed (Wilcox, 2001). The differ-
ential improvement in resistance to SMV and SCN perfectly
mirrors the geographic prevalence of these pathogens (Allen
et al., 2017; Lin et al., 2022), demonstrating how pathogen
pressure directly shapes the allelic landscape of major re-
sistance genes. In summary, the genomic and phenotypic
profiles of Chinese and American soybean germplasms have
been uniquely shaped by a combination of local environ-
ments, market demands, and stresses.

The genetic architecture of key agronomic traits and
the reservoir of unexploited alleles

Our GWAS successfully identified a large set of 261 loci trait-
associated with six agronomic traits, validating known genes
and uncovering a wealth of novel candidates (Figure 2A). The
identification of loci harboring known functional genes, such
as GmPRR3b for adaptation (Li et al., 2020) and Dt1 for plant
architecture (Liu et al., 2010), confirms the robustness of our
association panel and methodology. More importantly, the
discovery of 223 novel loci, many of which have PVE values
comparable to known loci (Figure 2C, D), significantly ex-
pands the genetic toolkit available to breeders. The novel loci
with high PVE suggest that there remain substantial genetic
gains to be made by mining this “reservoir” of unexploited
variation. Our 223 newly detected loci provide rich candidate
resources for soybean functional genomics. Although these
loci are supported by population-scale evidence, further
experimental validation via gene editing or transgenics will be
prioritized in our future research to uncover their molecular
functions.

Our result implies pleiotropic effects on bottom pod
height, section number, and 100-seed weight, a phenomenon
increasingly recognized in plants (Dong et al., 2022). The
differential haplotype frequency of this locus between |I_CN
and I_Am provides a clear genetic explanation for part of the
observed phenotypic difference in seed weight. Similarly,
the discovery of novel loci for protein and oil content with
biased haplotype frequencies and expression patterns offers
concrete targets for understanding and manipulating these
complex quality traits (Warrington et al., 2015).

Breeding-driven allelic selection and its implications
for cross-germplasm improvement

Our findings, which pinpoint specific beneficial alleles that
were preferentially accumulated under divergent breeding
goals in Chinese and American germplasms, are strongly
supported by a recent, independent genomic atlas of 8,105
soybeans. That study also underscores how regional se-
lection pressures have sculpted the soybean genome during
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its global dissemination (Zhu et al., 2025). Our work moves
beyond descriptive genomics to define the very unit of
selection—the “region-specific beneficial allele”—and quan-
titatively demonstrate its potential for cross-germplasm im-
provement. A central finding of our study is the systematic
divergence in beneficial allele accumulation for traits under
divergent selection (Figure 3A, B). The concept of “region-
specific beneficial alleles” (Figure 3C) quantitatively captures
the genomic signature of decades of targeted selection. The
fact that these specific alleles are often fixed or nearly fixed in
one germplasm while being rare in the other (Figure 3E)
highlights a significant opportunity. It suggests that each
germplasm possesses unique, valuable alleles that the other
lacks, creating a substantial potential for reciprocal genetic
improvement.

Our genomic selection simulations provide powerful em-
pirical support for this notion (Figure 4A). The significant
boost in prediction accuracy for Americas-priority traits (seed
weight per plant, oil content) when using Americas-specific
alleles, and vice-versa for Chinese-priority traits, validates the
functional value of these allele sets. Most importantly, the
“breeding by editing” simulation demonstrates that targeted
introgression of a relatively small number of these alleles can
theoretically bridge the phenotypic gap between I_CN and
I_Am (Figure 4B). These findings enable us to formulate an
actionable, simulation-guided breeding strategy for soybean
improvement.

For instance, the low frequency of beneficial alleles for
seed weight per plant and oil content in I_CN represents a
major “allelic debt” that limits the yield and quality potential of
Chinese cultivars. Conversely, the deficiency of certain
100-seed weight alleles in I_Am could leave American
germplasm vulnerable if market demands shift. Our identified
allele sets provide a precise shopping list for addressing
these weaknesses. The traditional approach of wide cross-
breeding is often hampered by linkage drag (Huang et al.,
2023). However, modern technologies like gene editing and
overexpression now allow for the precise introduction of
these beneficial alleles without disrupting otherwise elite
genetic backgrounds (Bortesi and Fischer, 2015), dramati-
cally accelerating the breeding cycle. This was demonstrated
by editing the GmST05 to enhance protein content in an
American elite cultivar.

A paradigm shift toward knowledge-driven design
breeding

The collective findings of this study argue for a paradigm
shift from phenotype-based, iterative breeding toward a
knowledge-driven design approach. The Soybean Targeted
Improvement Navigation System (STINS) we present, which
integrates genomic selection models with a database of
breeding-beneficial alleles and proof-of-concept functional
evaluation of prioritized targets, is a concrete step in this
direction. For GmSNAP18, overexpression of the resistant
haplotype was used as an initial functional evaluation fol-
lowing the previously established complementation strategy
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for this gene (Liu et al., 2017). This approach allowed us
to assess the resistance-enhancing potential of the STINS-
prioritized haplotype in a common genetic background,
although direct validation of the predicted nucleotide
substitution will require endogenous allele replacement. This
integrated resource empowers breeders to make informed
decisions on parental selection and to design optimal hap-
lotypes for specific environments and markets (Hammer
et al., 2020).

Future work should focus on the functional character-
ization of the high-value novel loci identified here, particularly
those with large effects. Furthermore, exploring epistatic in-
teractions among these beneficial alleles will be crucial for
designing optimal genetic combinations rather than simply
stacking individual loci (Gu et al., 2023). As the climate
changes and market demands evolve, the ability to rapidly
and precisely reconfigure elite cultivars using a global pool of
beneficial alleles, as demonstrated here between Chinese
and American germplasm, will be paramount for ensuring
global food and feed security.

MATERIALS AND METHODS

Planting and phenotyping

1,910 soybean landraces and cultivars of the previously studied
panel (Li et al., 2023) were phenotyped for agronomy and re-
sistance traits. The agronomy traits were phenotyped at 11
different locations, and for 2-3 years at each location from 2017
to 2019. Each soybean accession was planted ina 1.8 x0.8 m
plot with two rows and a spacing of 10 cm between seedlings in
each row. SCN and SMV resistance were both assessed in
Harbin (45°45' N, 126°41’ E) in 2017 and 2018.

Six traits were phenotyped: 100-seed weight, seed weight
per plant, seed oil content, protein content, SCN resistance,
and SMV resistance. Yield-related traits (100-seed weight, seed
weight per plant) and quality traits (oil and protein content) were
evaluated across 10 geographic locations in China from 2017
to 2019, with data collected over 2-3 years per location. The
environments included Harbin (2017-2019), Gongzhuling
(2018-2019), Tonghua (2017-2019), Shijiazhuang (2018-2019),
Liaocheng (2017-2019), Xuzhou (2018-2019), Nanjing
(2018-2019), Hefei (2018-2019), Wuhan (2018-2019), Meng-
cheng (2017-2019) and Nanchang (2017-2019). Phenotyping
for these traits followed the methods described by Qiu et al.
(2006). The two biotic stress resistance traits were assessed in
Harbin in 2017 and 2018. Resistance to SCN (race 3) was
evaluated using the method of Li et al. (2016), and resistance to
SMV (strain SC3) was scored using a previously established
metric.

Trait BLUP values estimation

The BLUP values were estimated across multiple years using
the mixed linear model with the Ime4 package in R (v3.2.2).
The formula was as follows: Y = u + Line + Loc+
(Line X Loc) + Rep(Loc) + & Where Y represents the
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phenotype, Line and Loc denote the respective random ef-
fects of the genotype and the environment, Line x Loc is the
interaction effect between the genotype and environment,
Rep (Loc) is the random effect of replication nested in the
environment, and ¢ represents the random residual error ef-
fect. The BLUP values were used to analyze the phenotypic
distribution in Lan, I_CN, and I_Am populations. The sig-
nificance of differences for phenotypic data was tested using
a t-test at the significance levels of 0.05 or 0.01.

Genotyping

The raw sequencing of pair-end reads was trimmed to remove
low-quality reads as below: (i) reads with > 10% unidentified
nucleotides (N); (i) reads with > 10 nt aligned to the adaptor, with
< 10% mismatches allowed; (iii) reads with > 50% bases having
Phred quality < 5; and (iv) putative PCR duplicates generated via
PCR amplification in the library construction process.

The remaining high-quality reads were mapped to the soy-
bean reference genome (Williams 82 assembly V4.0) using
Burrows-Wheeler Aligner software (mem -t 4 -k 32 -M) (Li and
Durbin, 2009). In order to reduce mismatches generated by
PCR ampilification before sequencing, duplicated reads were
removed using SAMtools (v0.1.1) (Li and Handsaker, Wysoker,
et al., 2009). After alignment, the genomic variants were iden-
tified with the HaplotypeCaller module and the GVCF model by
Genome Analysis Toolkit (GATK) software (McKenna et al.,
2010). All of the GVCF files were then merged. A raw population
genotype file with the SNPs was created in the HaplotypeCaller
module, which was filtered with the following parameters: minor
allele frequency (MAF) > 1%, with miss rate < 20%.

Phylogenetic tree and population structure

248,019 representative SNPs were used for phylogenetic tree
construction and population structure analysis. An individual-
based neighbor-joining (NJ) tree was constructed based on the
p-distance using the software TreeBest (v1.9.2) (Vilella et al.,
2009) with 1,000 bootstrap replications. The population genetic
structure was performed with ADMIXTURE (v1.23) (Alexander
et al., 2009), with the preset number of assumed genetic clus-
ters K and 10,000 iterations for each run. Principal components
analysis (PCA) was conducted to evaluate genetic structure
using PLINK software (v 1.9) (Purcell et al., 2007).

Selective sweep analysis

To identify genome-wide selective sweeps, we scanned the
genome in 10kb sliding scales with a step size of 5kb and
calculated the genome-wide distribution of fixation index (Fst)
and the genetic diversity (7) by vcftools implementing the Weir
and Cockerham method, respectively. The regions with the di-
versity ratio values and Fst scores in the top 5% were consid-
ered to have been subjected to selective sweeps, respectively.

Linkage disequilibrium analysis

To estimate and compare the pattern of linkage disequilibrium
(LD) for I_CN, Lan, and I_Am accessions, the squared corre-
lation coefficient () between pairwise SNPs was computed
using the software LDdecay. Parameters in the program were
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set as: “-MaxDist 500 -MAF 0.05 -Miss 0.2.” The average r
value was calculated for pairwise markers in a 500 kb window
and averaged across the whole genome.

Genome-wide association study (GWAS)

For each single GWAS, the SNPs were filtered with a MAF of
> 5% among the studied individuals. The GWAS was conducted
using the fixed and random model Circulating Probability Uni-
fication (FarmCPU) (Liu et al., 2016) with population structure
controlled by the first four components from SNP PCA resullts.
The resulting P-values were adjusted with Bonferroni correction
at a level of a=0.05 to define trait-associated SNPs.

For the estimation of PVE by SNPs, the GREML method
(REstricted Maximum Likelihood) in GCTA software (version
1.24.2) (Yang et al., 2011) was used to estimate the ratio of
genetic variance to phenotypic variance of 12 traits using
genome-wide markers.

Definition of beneficial alleles

All peak SNPs with —Logo(P)>8.0 for BLUP-GWAS or
—Logio(P)>8.0 in at least 2 years were used to identify
beneficial alleles. Firstly, we calculated the effect of each
allele on phenotype in soybean cultivars and removed the
false-positive loci (t-test, P> 0.05). Secondly, we defined
breeding beneficial alleles at the associated loci based on at
least one of six phenotypic characteristics, that are, positive
effect to increase 100-seed weight, seed weight per plant,
protein content or oil content, improve resistance to mosaic
virus or resistance to soybean cyst nematode. For each
locus, the difference in frequency (I_CN - |_Am) was de-
termined, with the top 20% quantile defined as CN-specific
loci. Analogously, the top 20% quantile of the frequency
difference (I_Am - I_CN) was defined as |_Am-specific loci.

Genome selection and STINS
The beneficial alleles and the traits data were used for genomic
prediction with four models, including rrBLUP (Endelman,
2011), SVR, RF, and LGB. rrBLUP is a classical linear model,
assuming marker effects follow a normal distribution and pri-
marily captures additive genetic effects. SVR, RF, and LGB are
nonlinear machine-learning algorithms that can capture non-
additive genetic effects such as epistasis. 80% of the panel
was randomly selected as a training population to predict the
genomic estimated phenotype value of the remaining 20% on
seven allele datasets: the randomly selected common I_CN
and I_Am beneficial allele, |_CN specific beneficial alleles,
I_Am specific beneficial alleles, |_CN beneficial alleles, |_Am
beneficial alleles, and the combined beneficial alleles. This was
conducted using 100 iterations of cross-validation, and pre-
diction accuracy was based on Pearson correlation between
the Genomic estimated breeding values (GEBVs) and the ob-
served phenotype values. GEBVs were predicted by rrBLUP,
SVR, RF, and LGB, respectively.

For each target trait, we first selected region-specific
beneficial loci that exceeded a predefined effect-size
threshold based on PVE (PVE >2% for most traits; for oil
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content, a lower threshold of 0.3% was used because the
individual effect sizes of oil-related loci were generally
smaller). We then focused only on loci at which the target
cultivar carried the non-beneficial allele. These candidate loci
were ranked from large to small effect and were progressively
substituted with the counterpart population-specific benefi-
cial alleles. After each cumulative round of substitution, the
phenotype was re-predicted using the rrBLUP model. Thus,
the simulation did not replace all region-specific alleles
indiscriminately; it replaced only non-beneficial loci in the
target genetic background, in a stepwise manner ordered by
predicted contribution.

We demonstrated the practical utility of STINS using
16NF1005_1006 as a case study. 16NF1005_1006 was from
I_CN and showed less resistance to soybean cyst nematode
compared to I_Am. Our goal was to enhance its resistance. We
applied the STINS to achieve this. First, we selected 16NF1005_
1006 as a sample and soybean cyst nematode (SCN3-FI) as
the phenotype that needed to be improved, and all the favorable
and non-favorable allele information was output. Second, we
selected loci (non-favorable alleles) that needed to be edited.
Finally, the breeding value was predicted using our pre-trained
genomic selection models. The results show that the SCN3-FI
resistance value of 16NF1005_1006 decreased from 0.5381 to
0.485, a reduction of 9.87%, indicating that the SCN3-FI resist-
ance of 16NF1005_1006 significantly improved.

Plasmid construction and plant transformation

To generate CRISPR/Cas9-engineered st05 mutants, a single
sgRNA was designed using the CRISPR-P online platform
(http://crispr.hzau.edu.cn). The sgRNA fragment was cloned
into the Bsal site of the pPBSN401 plasmid (Xing et al., 2014).
A CRISPR/Cas9 expression vector was then constructed, in
which the Cas9 coding sequence was driven by the 35S
promoter, while sgRNA was controlled by the Arabidopsis U6
promoter. The construct was introduced into Agrobacterium
tumefaciens strain EHA105 and transformed into the soybean
cultivar Williams 82 via the cotyledon-node method. Homo-
zygous mutants were obtained by self-pollination of candi-
date lines and confirmed by Sanger sequencing. The PCR
primers are: forward, 5-GCAACCACCAGAAACTCTC-3;
reverse, 5-ACCAATGTATCCACTCGCGC-3’. To generate
GmSNAP18 overexpression (OE) soybean lines, the full-
length coding sequence (CDS) of the resistant haplotype of
GmSNAP18 (Bayless et al., 2016) was synthesized and
cloned into the plant binary vector pCAMBIA3301 under the
control of the 35S promoter. The resulting overexpression
construct contained the bar gene as a selectable marker,
conferring resistance to phosphinothricin. All recombinant
plasmids were verified by Sanger sequencing prior to trans-
formation. The confirmed constructs were introduced into
Agrobacterium tumefaciens strain EHA105, and soybean
transformation was performed in the variety Huachun6
using the cotyledon-node method. Positive Ty transgenic
plants were self-pollinated to obtain homozygous T2/T3
overexpression lines. The transcript levels of GmSNAP18 in
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independent OE lines were quantified by RT-gPCR, and
lines exhibiting stable and significantly elevated expression
were selected for subsequent analyses. The gPCR primers
are: forward, 5'-ATGTCGATGCTGCACATTGC-3’; reverse,
5'-GCAGCAAACTGGGCAACTTT-3'.
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