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% Check for updates Seed weight and oil/protein content are critical agronomic traits that deter-

mine soybean yield and quality. However, the key genes controlling these traits
and the underlying regulatory mechanisms remain poorly understood. Here,
we performed a combination of genome-wide association study and quanti-
tative trait loci (QTL) mapping with seed weight variations, and identified a
Nuclear Factor-YA (NF-YA) gene on chromosome 14 that positively regulates
seed weight and protein content while negatively regulating oil content
without affecting other agronomic traits, designated as Seed Weight 14 (SW14).
SW14 physically interacts with GmLECla/b, the soybean orthologs of the
central regulator of plant seed development, Leafy Cotyledonl (LEC1), to dis-
rupt the formation of a non-canonical NF-Y complex comprising GmLECI,
GmNF-YC2, and GmbZIP67, thereby inhibiting the GmLEC1-mediated tran-
scriptional activation involved in seed development process. Natural allelic
variations in SWi4 affect the stability of the SW14 protein, which in turn confers
varied seed weight and oil/protein content in soybean. Further analysis
demonstrates that the elite SW14'® allele has undergone artificial selection
during domestication and holds potential for improving yield in soybean.
Collectively, our findings provide insights into the molecular basis that spe-
cifically regulates seed weight and quality, offering a potential strategy for
overcoming tradeoff effects and facilitating high-yield breeding in soybean.

Soybean (Glycine max [L.] Merr.) is one of the most important crops
that provides up to 30% of oils and 69% of proteins to the human
consumption worldwide'. To meet the demands of an ever-growing
global population, it is urgent to develop soybean varieties with higher
production. Seed weight, a major agronomic trait, is likely one of the
first traits selected during domestication to determine soybean yield
and quality, and it is largely controlled by genetic factors. Thus far,

although over 300 quantitative trait loci (QTLs) associated with seed
weight have been identified across 20 chromosomes in soybean
(SoyBase, http://www.soybase.org/), the genes underlying these loci
have seldom been isolated due to the complex soybean genome
structure’. Therefore, exploring genes and elucidating the genetic and
molecular basis underlying the seed weight trait could greatly con-
tribute to improving soybean yield and quality.
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To date, few genes controlling seed weight and oil/protein con-
tent have been isolated and characterized in soybean using forward
genetic approaches, including GmSWEETIOa/b*, Seed Thickness 1
(ST1)’, Mother of FT and TFL1 (GmMFT)®, Protein Oil Weight Regulator 1
(POWRI)’, and Fatty Acid 9 (FA9)®, whose natural allelic variations have
contributed to the genetic improvement of soybean. However, the
majority studies on these genes have focused only on seed traits,
potentially causing tradeoffs among different yield-related traits, such
as negative correlation between seed weight and seed number. These
tradeoffs are often a consequence of linkage drags or pleiotropy’.
Although pleiotropy has limited the successful application of cloned
genes in breeding, the tradeoffs caused by pleiotropy are challenging
to address through conventional breeding methods, thus constraining
the greater achievements for improving crop yield’'°. Therefore,
cloning excellent gene resources that regulate seed traits without
affecting other agronomic traits should be an effective strategy to
overcome these tradeoff effects and improve soybean yield in modern
breeding.

During the past decades, a series of genes that regulate seed
weight have been identified and functionally studied in plants, invol-
ving in multiple pathways such as the ubiquitin-proteasome system,
mitogen-activated protein kinase (MAPK) cascade, G proteins, phyto-
hormones, and transcription regulatory factors'®. Among these, the
Nuclear Factor-Y (NF-Y) transcription factors (TFs) consist of three
subunits, including NF-YB, NF-YC, and NF-YA/other TFs. These sub-
units are traditionally understood to form a complete heterotrimeric
complex that affects transcription'2, Our initial understanding of NF-Y
genes in seed development was derived from researches on Leafy
Cotyledonl (LECI), which encodes an NF-YB subunit and acts as a
central regulator of embryonic development, seed maturation, and
storage reserve accumulation™", but the detailed function of LECI in
soybean remains unclear. In recent years, increasing evidences suggest
that other NF-Y family members play crucial roles in seed development
control®. Nevertheless, NF-Y genes associated with soybean seed
weight and quality have seldom been reported.

In this study, we have identified an NF-YA TF gene, Seed Weight 14
(SW14), that specifically regulates soybean seed traits, including seed
weight and oil/protein content, without affecting other agronomic
traits. SWI4 can directly interact with soybean LEC1 (GmLECI), a key
regulator of seed development, and subsequently inhibit the forma-
tion and transactivating activity of the GmLEC1/GmNF-YC2/GmbZIP67
trimeric complex. Furthermore, the natural allele SWI14 has been
selected during soybean domestication and exhibits potential for
increasing yield. These findings reveal insights into the molecular
mechanisms controlling seed traits and provide a valuable genetic
resource for improving yield and quality in soybean.

Results
Identification and positional cloning of SWi14
To identify genetic loci that control seed weight in soybean, we phe-
notyped 320 accessions from previous resequencing panel' in 2018
and 2019 (Supplementary Fig. 1 and Supplementary Data 2). Using a
linear mixed model, we conducted a Genome-wide Association Study
(GWAS) and identified three significant association loci for seed weight
across the 2 years on chromosomes 10, 11, and 14, respectively (Fig. 1a,
b). The locus on chromosome 14 has not been previously reported and
exhibited higher association values than those on chromosome 10 and
11 (Fig. 1a, b and Supplementary Fig. 2), indicating that it makes a
robust and important contribution to seed weight in soybean, we thus
named this locus Seed Weight 14 (SW14) for further characterization.
To isolate the causal gene of the SWI4 locus, we firstly performed
QTL mapping using a segregating F, population from a cross between
the small seed variety Yunchun 2014 (YC2014) and the big seed variety
Huachun 8 (HC8) (Supplementary Fig. 3), and detected a seed weight
QTL in region around the SWI4 locus on chromosomes 14 (Fig. 1c and

Supplementary Fig. 2). We next generated a residual heterozygous
inbred population (n=502) for fine mapping of the SWi4 locus by
recurrent selection for heterozygosity at SW14 with M11 and M16 markers
from the F, to Fs generations, obtaining 7 recombinants that delimit
SWi14to a 383 kb genomic region between markers M12 and M15 (Fig. 1d).

Based on the annotated soybean genome Williams 82 (W82)* and
the resequencing data', there are 11 predicted genes harboring
nonsynonymous or frameshift mutation between YC2014 and HC8
located in the SWi4 interval (Supplementary Data 3). Among these,
Glyma.14G007700 and Glyma.14G0O10000 were highly expressed
during seed development, while only Glyma.14G010000, an NF-YA TF
gene?, exhibited higher expression in seed compared with other tis-
sues (Fig. 1e). Haplotype analysis showed that two SNPs result in
amino acids change of SW14 protein, which are conserved sites in
leguminous plants (Fig. 1f and Supplementary Fig. 4). They were
divided into three SWI4 haplotypes in the natural population, and
accessions with SWi14'® exhibited higher seed weight than those with
SWi4" and SW14", which displayed similar seed weight phenotypes
(Fig. 1f, g and Supplementary Data 2). Consistently, the big seed
variety HC8 harbors SWi4"3, while the small seed variety YC2014
harbors SWi4'", respectively, indicating that the amino acid altera-
tions of Pro80Ser and His87Tyr may cause distinct functions between
SWi4" and SWi4'® (Fig. 1f). In contrast, the haplotypes of Gly-
ma.14G007700 corresponding to the two parents did not show sig-
nificantly different seed weight in the natural population across the 2
years (Supplementary Fig. 5). Collectively, we considered Gly-
ma.14G010000 as the most likely causal gene controlling seed weight
and subsequently referred to SWi4.

SWI14 controls seed weight and quality in soybean

Due to the similar effects of the SWi14'"" and SW14 haplotypes in seed
weight in the natural population (Fig. 1g), we assessed the specific
function of SWi4 by comparing the SWi4"! and SW14'® haplotypes in
the text below. We firstly selected a set of SWI4 near-isogenic lines
(NILs) from the heterozygous SW14 locus by crossing YC2014 and HC8
parents, which harbor the SWI4"! haplotype and the SWI4"° haplotype,
respectively. NIL-SWi14® exhibited significant increases in 100-seed
weight and protein content, but a decrease in oil content compared to
NIL-SW14", without affecting the number of seeds per plant
(Fig. 2a-e). However, the variations in SW14 have no effects on other
agronomic traits of soybean (Supplementary Fig. 6).

To further confirm whether SWi4 controls soybean seed weight
and oil/protein content, we generated three independent SWi4
knockout mutants (swi4#1, swi4#2, and swi4#3) using CRISPR/Cas9
system in the W82 background (Supplementary Fig. 7 and Supple-
mentary Data 4). All the swi4 mutant lines exhibited reduced 100-seed
weight and protein content, and higher oil content (Fig. 2f-i and
Supplementary Fig. 8a-d), but there was no significant difference in
seed number per plant and other agronomic traits compared with the
W82 wild type when they were repeatedly planted at different latitudes
(Fig. 2j, Supplementary Fig. 8e-h and Supplementary Fig. 9). The above
results suggest that SW14 functions as a specific regulator for seed
weight and oil/protein content in soybean.

Next, we investigate how SWI4 regulates soybean seed traits
through RNA sequencing (RNA-seq) experiments using W82 and the
swi4#1 mutant. The results revealed that 1597 genes were upregulated
and 1573 genes downregulated in the swI4#1 mutant versus W82
(Fig. 2k and Supplementary Data 5). Among them, five genes known
to regulate soybean seed traits were found to be upregulated in
the swi4#1 mutant, as confirmed by RT-qPCR (Supplementary Data 5
and Fig. 2I). These genes included FA9, Fatty Acid Desaturase 3a
(GmFAD3a), GmFAD3b, GmFAD3c, and OLEOSIN 1 (GmOLEOI), con-
sistent with their roles in the regulation of seed weight and quality®"%,
These results indicate that SW14 regulates the expression of these
genes to control seed weight and oil/protein content in soybean.
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Fig. 1| Identification and cloning of SW14 locus in soybean. GWAS scan for seed
weight using data from the 320-accession panel grown over the 2018 (a) and 2019
(b) field seasons in Guangzhou (113°23’E, 23°16'N), China. Arrows indicate sig-
nificant association loci for seed weight across the 2 years. The dashed horizontal
lines represent the significance threshold determined by the Bonferroni correction.
¢ QTL mapping of SWI4 locus in the F, segregation population derived from the
cross between Yunchun 2014 carrying SW14 and Huachun 8 carrying SW14'>. The
genetic distance (cM) and the name of markers of the linkage group is given on the
left- and the right-hand side of the chromosome model, respectively. d Delimitation
of the SW14 locus to a 383-kb region. Graphical genotypes of 7 recombinants car-
rying crossovers in the SW14 region (left panel), and phenotypic segregation

patterns of progeny are shown in boxplot format (right panel), where the box
representing the interquartile range, the central line indicating the median, and the
whiskers showing the minimum or maximum value (n =20, one plot indicates one
plant). e Heat map of candidate genes located in the candidate region. The color
key (blue to red) represents gene expression (fragments per kilobase per million
mapped reads, FPKM). f Haplotypes detected in the coding region of SWi4.

g Comparison of seed weight between different haplotypes of SW14 over the 2018
and 2019 field seasons in Guangzhou, China. In the violin plot, the dashed lines
indicate the median and dotted lines the interquartile range. Different lowercase
letters indicate statistically significant differences (one-way ANOVA, P< 0.01).
Source data are provided as a Source Data file.

Natural variations affect SW14 protein stability

To examine the expression pattern of SWi4 during seed development,
we first performed a reverse transcription quantitative PCR (RT-qPCR)
analysis. The result showed that the transcript level of SWI4 was

slightly increased at 14 days after fertilization (DAF), peaked at
approximately 21 DAF, then gradually decreased (Fig. 3a). An RNA
in situ hybridization assay revealed that SWI14 mRNA localized in all
seed tissues, including the seed coat, endosperm, and embryo
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Fig. 2 | Functional characterization of SW14 in controlling seed weight and
quality. a Seed phenotypes of the near-isogenic lines (NILs) possessing homo-
zygous HI (NIL-SW14") and H3 (NIL-SWI4'®) in Sanya (108°56E, 18°09'N) field. Scale
bar, 1cm. Statistical analysis of the 100-seed weight (b), oil content (c), protein
content (d), and seed number per plants (e) of NILs. Values represent means + SD
(n=8, one plot indicates one plant). One-way ANOVA was used to generate the P
values. f Seed phenotypes of Williams 82 (W82) and the swI4 mutant lines in Sanya
field. Scale bar, 1 cm. Statistical analysis of the 100-seed weight (g), oil content (h),
protein content (i), and seed number per plant (j) of W82 and the swI4 mutant lines.

Values represent means + SD (n =15, one plot indicates one plant). k Volcano plot of
differentially expressed genes in swi4#1/W82. Differential expression analysis was
conducted using DESeq2 with the default Wald test (two-sided). P values were
adjusted for multiple comparisons using the Benjamin-Hochberg method to con-
trol the false discovery rate. I Transcript levels of FA9, GmFAD3s, and GmOLEOI in
W82 and the swi14 mutant lines. GmACTI11 was used as an internal control. Values
represent means + SD (n =3 biological replicates). Different lowercase letters indi-
cate statistically significant differences (one-way ANOVA, P< 0.01). Source data are
provided as a Source Data file.

(Fig. 3b). Additionally, SW14 was found to be exclusively localized in
the nucleus, similar to other plant NF-YA subunits', and this nuclear
localization pattern was not influenced by the two SW14 haplotypes.
(Supplementary Fig. 10). These observations further confirm the
pivotal role of SW14 as an NF-YA subunit in soybean seed development.

Given the facts that variations in SW14 protein are conserved sites
in leguminous plants and affect seed weight and oil/protein content in
soybean (Fig. 1 and Supplementary Fig. 4), we asked how different
SW14 haplotypes cause the functional changes of SWI4, as natural
variations did not alter the protein’s subcellular localization (Supple-
mentary Fig. 10). To uncover this, the intact SWi14"* and SWi14'”® cDNAs
driven by a strong and constitutively expressed CaMV 35S promoter
were introduced into Arabidopsis ecotype Col-0 background. Pheno-
typic analysis showed that SW14 could positively regulate seed weight
in Arabidopsis, and the SW14'® plants produced larger seeds compared
with the SWi4" plants (Fig. 3c, d). Further analysis revealed that
the SWi4"" and SWI14'" transgenic plants had similar transcript levels
of SWi4 (Supplementary Fig. 11). Interestingly, SW14 protein levels
were remarkably higher in the SW14'° plants than those in the SWi14"
plants (Fig. 3e and Supplementary Fig. 12a), indicating a probable

function of natural variations of SWI4 in regulating the stability of
SW14 protein.

Next, we performed transient expression assays in N. benthami-
ana and transgenic soybean hairy roots to assess SW14 protein stabi-
lity, using the above SWI4 overexpression constructs. The
accumulation levels of SW14" protein were always higher compared
with the SW14™ protein in both systems (Fig. 3f, g and Supplementary
Fig. 12b, c). We next examined whether natural variations of SWi4
affect the stability of SW14 protein using cell-free degradation assays.
The results indicated that the degradation rate of SW14" was much
slower than SW14'!, and addition of the proteasome inhibitor MG132
significantly inhibited SW14 degradation (Fig. 3h and Supplementary
Fig. 12d). These results support that natural variations of SWi4 play
important role in the 26S proteasome-dependent degradation
of SW14.

SW14 interacts with GmLECla and GmLEC1b

To further elucidate how SW14 regulates seed weight and oil/protein
content, we attempted to identify its potential interaction proteins,
using a yeast two-hybrid (Y2H) system with soybean seed cDNA library.
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Fig. 3 | Different haplotypes have changes in the stability of SW14 proteins.

a RT-qPCR analysis of SWi4 transcript levels in different tissues of W82. DAF, days
after fertilization. GmACT11 was used as an internal control. Values represent
means + SD (n =3 biological replicates). b RNA in situ hybridization of SW14 in 10
DAF developing seeds of W82. EP epidermis, ES endosperm, EM embryo. Scale bar,
100 pm. ¢ Comparison of seeds of the indicated SWI4 overexpression lines in
Arabidopsis. Scale bar, 500 um. d Statistical analysis of 1000-seed weight in (c).
Values represent means + SD (n =15, one plot indicates one plant). Different low-
ercase letters indicate statistically significant differences (one-way ANOVA,
P<0.01). Protein expression analyses of SW14-FLAG in transgenic Arabidopsis

plants (e), N. benthamiana leaves (f), and soybean hairy roots (g). Col-0 or the
relevant empty vector (Empty) was used as a negative control. The immunoblots
were probed with a-FLAG antibody. h Cell-free degradation assay of SW14. GST-
SW14" and GST-SW14'® were incubated with equal amounts of plant cell crude
extracts from 21 days after fertilization (DAF) developing seeds at room tempera-
ture for 0-90 min. MG132 (50 pM) was added as indicated. The proteins were
detected by o-GST antibody. The bottom panel shows staining with coomassie
brilliant blue (CBB, e, f) or probing with an a-ACTIN antibody (g, h) as a loading
control. Source data are provided as a Source Data file.

Notably, the orthologs of the Arabidopsis LECI, GmLECla (Gly-
ma.07G268100) and GmLEC1b (Glyma.17G005600)", interacted with
SW14 in yeast cells (Fig. 4a). We subsequently confirmed the interac-
tion between SWI14 and GmLECla/b by split-luciferase (split-LUC)
complementation assays in N. benthamiana leaves (Fig. 4b, c). Co-
immunoprecipitation (Co-IP) assays indicated that GmLECla/b-FLAG
fusion proteins could be immunoprecipitated with SW14-GFP but not
with the negative control BFP-GFP (Fig. 4d, e), indicating the interac-
tion of SW14 with GmLECla/b in vivo. These results demonstrate that
SW14 interacts with GmLECL.

To explore the function of GmLECI in controlling soybean seed
weight and oil/protein content, we generated Gmlecla mutants using
CRISPR/Cas9 system in the Tianlong 1 (TL1) background. Two inde-
pendent lines were identified with different frameshift mutations in
GmLECIa coding region, and named as Gmlecla#1 and Gmlecla#2
(Supplementary Fig. 13 and Supplementary Data 6). Compared with
TL1, the Gmlecla mutant lines showed a significant increase in 100-
seed weight and protein content, along with a decrease in oil content
(Fig. 4f-i). Furthermore, the expression levels of FA9 and GmFAD3c
were downregulated in these mutants (Fig. 4j, k). Collectively, these
findings suggest that GmLEC1 and SW14 play opposite roles in the

regulation of soybean seed weight and oil/protein content by con-
trolling the transcription of FA9 and GmFAD3c.

SW14 inhibits GmLECI function to control seed weight and
quality
The LECI-NF-YC dimer has been reported to interact with seed-specific
bZIP TF bZIP67, to activate seed maturation genes such as the CRU-
CIFERIN C (CRC) and FAD3 in Arabidopsis***. Consistent with these
studies, we found that the co-expression of GmLEC1a/GmNF-YC2 with
GmbZIP67 greatly enhanced the activation levels of the FA9 and
GmFAD3c promoters compared to those achieved with GmLECla/
GmNF-YC2 or GmbZIP67 alone. However, the co-expression of
SW14 significantly repressed the activation of these two promoters-
driven luciferase gene (Fig. 5a, b), suggesting an inhibitory role of SW14
in GmLECla-mediated activation of the FA9 and GmFAD3c promoters.
We next performed chromatin immunoprecipitation (ChIP) gPCR
to determine whether SW14 affects the binding affinity of GmLECI to
the promoters of its target genes. To this end, we generated
355:GmLECI1a-FLAG (GmLECl1a-FLAG) transgenic plant and crossed it
with the swi4#1 mutant to obtain GmLECIa-FLAG swi4#1 plant. Con-
sistent with previous ChIP-seq data”?, we observed significant
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Fig. 4 | SW14 interacts with GmLECI1a and GmLECIDb. a Yeast two-hybrid assays
showing the interactions of SW14 protein with GmLECla and GmLECIb. Trans-
formed yeast cells were grown on SD/-LW (lacking Leu and Trp) and -LWHA (lacking
Leu, Trp, His, and Ade) medium. b, ¢ Split-LUC complementation imaging assay
showing the interaction of SW14 with GmLEC1la and GmLECIb in N. benthamiana
leave. GUS-nLUC and cLUC-GUS served as negative controls. d, e Co-IP assay
showing the interaction of SW14 with GmLEC1la and GmLECIb in N. benthamiana
leave. The BFP-GFP protein was used as a negative control. The precipitated pro-
teins were detected by o-FLAG or a-GFP antibody. f Seed phenotypes of Tianlong 1

(TL1) and the Gmlecla mutant lines in Sanya field. Scale bar, 1 cm. Statistical analysis
of the 100-seed weight (g), oil content (h), and protein content (i) of TL1 and the
Gmlecla mutant lines. Values represent means = SD (n =8, one plot indicates one
plant). Transcript levels of FA9 (j) and GmFAD3c (k) in TL1 and the Gmlecla mutant
lines. GmMACTI11 was used as an internal control. Values represent means +SD (n=3
biological replicates). Different lowercase letters indicate statistically significant
differences (one-way ANOVA, P< 0.01). Source data are provided as a Source
Data file.

enrichment of GmLECla-FLAG at several regions of the FA9 and
GmFAD3c promoters, and the enrichment was higher in the swi4#1
background compared to the W82 background (Fig. 5¢, d), while the
level of GmLECla-FLAG protein was not altered between these two
backgrounds (Supplementary Fig. 14), indicating that SW14 inhibits the
binding of GmLECI to the FA9 and GmFAD3c promoters.

To investigate how SWI14 inhibits the activity of the GmLECI-
mediated transcriptional activation, we detected the interaction of
GmLEC1a with GmbZIP67 in the presence of GmNF-YC2 and/or SW14 in
yeast. Similar to the formation of the canonical NF-YB/C/A complex®,
the interaction between GmLECla and GmbZIP67 was only detected
when GmNF-YC2 was present in yeast (Fig. 5e). However, this trimer
interaction was markedly repressed by SW14 (Fig. S5e and Supple-
mentary Fig. 15), suggesting that SW14 interferes with the assembly of
the GmLEC1a/GmNF-YC2/GmbZIP67 complex. We also determined the
genetic interaction between SWI14 and GmLECI by knocking out SWi4
in the TL1 background (swi4™, Supplementary Fig. 16 and Supple-
mentary Data 7) and crossing it with the Gmlecla#1 mutant to generate
Gmlecla#1 sw14™ double mutant. Comparable phenotypes in 100-seed
weight, protein content, and oil content between Gmlecla#1 and

Gmlecla#1 swi4™ indicated that GmLECIa is genetically epistatic to
SWi4 (Fig. 5f-i). Taken together, these findings suggest that SW14
controls seed weight and oil/protein content by inhibiting the function
of GmLECL.

Selection of the SWI4* allele during soybean domestication

Given that seed weigh is likely one of the first-selected traits that
determines yield throughout the course of domestications?, we
investigated whether SW14 alleles have been selected during soybean
domestication using 1295 previously re-sequenced accessions,
including 147 wild accessions, 574 landraces, and 574 cultivars®. We
first compared the seed weight of the SW14 haplotypes and found that
accessions with the SWI4" haplotype had higher seed weight than
those with the SW14"! or SW14 haplotype (referred to as SWI14"%2) in
wild soybean, landraces, and cultivars (Fig. 6a—c). The analysis of the
distribution of the SWI4 haplotypes in different germplasm pools
revealed that the proportion of the SW14"%? haplotypes exhibited a
continuously decreasing pattern from wild accessions to landraces and
subsequently to cultivars, while the proportion of the SWI14* haplo-
type increased, becoming predominant in landraces and cultivars
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Fig. 5 | SW14 inhibits GmLECI function in the regulation of seed weight and
quality. a Schematic diagram depicts the constructs used in the transient
expression assay shown in (b). b Transient expression assay indicating that SW14
inhibits the GmLEC1a/GmNF-YC2/GmbZIP67-mediated activation of FA9 and
GmFAD3c promoters. LUC, luciferase; REN, Renilla LUC. A GUS fragment was used as
a negative control. Values represent means + SD (n =3 biological replicates). Dif-
ferent lowercase letters indicate statistically significant differences (one-way
ANOVA, P<0.05). ¢ Schematic representations of FA9 and GmFAD3c promoters.
The regions analyzed by ChIP-qPCR are indicated. Red lines indicate the regions
that were bound by GmLEC1 according to previous ChIP-seq data®. d ChIP analysis

of GmLEC1a-FLAG binding to the FA9 and GmFAD3c promoters in W82 and swi14#1
mutant. The enrichment of a GmELF3b genomic fragment was used as a negative
control. Values represent means + SD (n =3 biological replicates). e SW14 inhibits
the formation of GmLEC1a/GmNF-YC2/GmbZIP67 complex in yeast. Transformed
yeast cells were grown on SD/-LW and -LWHA medium. f Seed phenotypes of TL1,
Gmlecla#l, swi4™, and Gmlecla#1 swi14™ mutant lines in Guangzhou field. Scale
bar, 1cm. Statistical analysis of the 100-seed weight (g), oil content (h), and protein
content (i) in (f). Values represent means + SD (n = 6, one plot indicates one plant).
Different lowercase letters indicate statistically significant differences (one-way
ANOVA, P<0.01). Source data are provided as a Source Data file.

(Fig. 6d). Notably, the proportion of the SWi14'” haplotype increased to
48.8% in cultivars, indicating that this allele has been selected during
soybean post-domestication improvement (Fig. 6d). Meanwhile, a
whole-genome selective sweep analysis revealed that SWi4 is located
within a selective sweep region, as inferred by negative Tajima’s D
value and low SWi14"/SWi4™" Ps H2 r-ratios (Fig. 6e), suggesting that
SWi4" was selected during soybean domestication.

To evaluate if the introduction of the SWi14'® allele could improve
the yield and quality performance of soybean, we compared the plot
yield, seed oil content, and protein content of NIL-SWI4"! and NIL-
SWi4"3 in different regions, including Guangzhou (113°23E, 23°16'N)
and Xiangyang (110°45’E, 31°14'N). The results showed that the plot

yield and seed protein content of NIL-SW14'® were significantly greater
than those of NIL-SWi14", while the seed oil content of NIL-SWi14" was
lower in both regions (Fig. 6f, g). These findings suggest that the elite
SWi14'5 allele has potential for utilization in high-yield and high-quality
breeding programs for soybean.

Discussion

Seed weight and oil/protein content are essential factors linking the
breeding goals of achieving high yield and good quality in agricultural
production. Although numerous QTLs have been identified to be
responsible for seed weight, oil content, and protein content in
soybean®, the genes underlying these QTLs and their regulatory
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Fig. 6 | Selection of SW14 during soybean domestication. Comparison of seed
weight between different haplotypes of SWI14 in wild soybean (a), landraces (b), and
cultivars (c) grown in Guangzhou and Zhengzhou (112°42’E, 34°16'N) field. In the
violin plot, the dashed lines indicate the median and dotted lines the interquartile
range. d Haplotype frequency of SW14 in wild soybean, landraces, and cultivars.
e Tajima’s D value and genetic variations (1) across the SW14 locus in 574 cultivars,

574 landraces, and 147 wild accessions. f, g Plot yield, seed oil content, and protein
content of NIL-SWI4" and NIL-SWI4 in Guangzhou and Xiangyang (110°45'E,
31°14'N) field. The plot area is 5 m?. Values represent means + SD (n = 3 biologically
independent field plots). One-way ANOVA was used to generate the P values.
Source data are provided as a Source Data file.

mechanisms remain largely unknown. In this study, we demonstrated
that SW14, an NF-YA encoding gene, exhibits preferential expression in
developing seeds and functions as a repressor of seed trait-related
gene expression by interacting with GmLECI proteins, the orthologs of
the central seed development regulator LECI1, thereby genetically
regulating both seed weight and quality in soybean. Notably, the
negative role of SW14 contrasts with the positive regulatory function
of its homolog GmNFYA in the regulation of oil content**”, indicating
functional divergence of the NF-YA family genes during this process. In
addition, we propose that SW14 may also act as an activator to mod-
ulate gene expression, potentially through the formation of the NF-YB/
C/A complex, as observed with GmNF-YA16%, or by affecting epige-
netic modifications at target genes, similar to GmNFYA”. These
mechanisms are worth further investigation in future studies.

NF-Y is a heterotrimeric TF complex composed of NF-YA, NF-YB,
and NF-YC subunits, which are ubiquitous in all eukaryotes'. The NF-
YB and NF-YC subunits can form a heterodimer in the cytosol that
translocates to the nucleus, where they recruit NF-YA subunit to bind

the CCAAT box with sequence specificity and modulate transcription™.
However, a previous study reported that the NF-YA subunit can
interfere with the LECI/LIL-NF-YC2 activation in transient
experiments®. In addition, NF-YA plays an opposing role to CON-
STANS, which forms a trimer with NF-YB2/NF-YC3 during flowering®.
These observations together indicate that the NF-YA subunit may
affect the formation of non-canonical NF-Y complexes comprising NF-
YB, NF-YC, and other TFs. In this study, we demonstrate that SW14, an
NF-YA subunit, inhibits the assembly and transcriptional activation
activity of the GmLEC1/GmNF-YC2/GmbZIP67 trimeric complex,
revealing a regulatory mechanism among NF-Y subunits in plant seed
development. This mechanism may extend to other plant develop-
ment processes, such as flowering, hypocotyl elongation, and antiviral
immunity, given the opposing functions of certain NF-Ys in these
biological processes** . Furthermore, the partial repression of the
GmLECla-mediated trimer complex and its transcriptional activation
by SW14 suggests that additional repressors may exist to inhibit the
assembly of the GmLECI-mediated complex. This speculation is
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supported by recent studies that have reported the disruption of the
NF-Y complex by factors other than NF-YA, including the WD40
domain-containing protein Early Heading Date 5 (Ehd5)®, the
Jasmonate-zim-domain protein 8 (JAZ8)*, and the transcription factor
SLRI1-like 2 (SLRL2)*.

Gene pleiotropy, which arises from different spatial-temporal
expression patterns or multiple biological functions of a single protein,
often causes tradeoffs among multiple complex traits’, for example,
higher seed weight is associated with decreased seed number, limiting
the application of many genes for yield improvement because other
unfavorable agronomic traits must be considered. Therefore, the
identification of valuable genetic resources that can overcome these
tradeoffs should be much higher priority in crop breeding. For
instance, nature variations of OsSMADS17 and Brassinosteroid-deficient
Dwarf3 (BRD3) can overcome the tradeoff between grain number and
grain weight in rice’®®”. Here, we have identified that a seed-
preferentially expressed factor SW14 interacts with the seed central
regulator GmLECI to control seed traits without affecting other agro-
nomic traits, especially seed number in soybean. Importantly, the elite
SWi4" allele, selected during soybean domestication, possesses
potential application for improving yield by promoting SW14 protein
accumulation, making it a valuable tool in soybean molecular breed-
ing. However, the precise mechanisms underlying how nature varia-
tions in SWi4 affect its stability, such as whether they influence the
interaction of SW14 with E3 ligases or the degree of its ubiquitination,
require further investigation.

Seed weight is an early domesticated trait in crops, including
soybean, and is associated with increased oil content following seed
enlargement®’. Due to the inverse correlation between protein and oil
content, protein content typically decreases during domestication. In
other words, seed oil/protein content has been indirectly selected as
it is pleiotropically controlled by a series of genes associated with a
positive correlation between seed weight and oil content during
soybean domestication. For example, genes such as GmSWEET10a/b*,
POWRI’, GmMFT®, and STI° have been implicated in this process.
However, the selection of natural variations in SWI4 suggest that the
seed weight trait can be domesticated independent of seed quality.
Additionally, FA9, a positive regulator of oil content with a negative
effect on seed weight and protein content, has been reported to be
selected during soybean domestication and improvement®. These
gene resources, controlling the inverse correlation between seed
weight and oil content, can largely enrich genetic diversity and
improve adaptation to the external environments in soybean.

Methods

Plant materials and growth conditions

The 320 previously sequenced accessions'® utilized for GWAS, and an
F, population (n=280) and its progenies utilized for fine mapping,
were grown under natural conditions from 2018 to 2021 in Guangzhou
(113°23’E, 23°16'N; July to October) or Sanya (108°56’E, 18°09'N;
November to March) to evaluate 100-seed weight. Each row was
1.5m long with 0.5m spacing between rows, and a plant spa-
cing of 0.1 m.

NILs for the locus SW14 were selected from F4 generation of the
cross Yunchun 2014x Huachun 8 using a molecular marker for SWi4.
The NILs, CRISPR/Cas9 knockout mutants, and transgenic plants used
for phenotyping were planted under natural conditions from 2021 to
2024 in Sanya, Guangzhou, and Beijing (116°23’E, 39°54’N; May to
October) as indicated in the text. For the field trials, the indicated lines
were grown in a randomized complete block design with three repli-
cations for each field environment. In Sanya and Guangzhou, each row
was 1.5 m long with 0.5 m spacing between rows, and a plant spacing of
0.1 m. In Beijing, each row was 3.0 m long with 0.5 m spacing between
rows, and a plant spacing of 0.3 m. At the R8 stage, agronomic traits
including plant height, node number, and branch number were

measured. Seed traits were determined using uniform dry seeds after
harvest.

To assess the effect of nature variations in SWi4 on yield, a ran-
domized complete block design with three replicates was imple-
mented in Guangzhou and Xiangyang (110°45’E, 31°14’N; May to
October). Field plots were arranged in 2 m long rows with 0.5 m spa-
cing between each row, covering a total plot area of 5.0 m?. A plant
density of 120,000 plants per hectare was maintained, and grain yield
per plot was measured and calculated after harvest.

Arabidopsis plants used in this study are in the Col-0 background
and grown at 22°C under long-day conditions (16 h light/8 h dark
photoperiod).

GWAS for the 100-seed weight

A total of 3,455,323 high-quality SNPs (MAF >0.05) were used for
GWAS assay in 320 accessions. Association analyses were performed
by MLM implemented in efficient mixed model association expedited
(EMMAX) software*’. Kinship was derived from all these SNPs. The
significant association threshold was determined by Bonferroni cor-
rection as 1/n (n, total SNP number), based on a previous report*. The
significant association regions were manually verified from resequen-
cing reads aligned against the Williams 82 (W82) genome with
SAMtools*.

QTL analysis

Genomic DNA was extracted from leaves using the SurePlant DNA Kit
(CWBIO, CW2298M) and used for indel marker amplification. Linkage
map construction was carried out according to a previous report', and
the QTL analysis performed using MapQTL V5.0 software. Primer
sequences of the markers for mapping are listed in Supplemen-
tary Data 1.

Multiple alignment analysis

Homologous SW14 protein sequences were downloaded from Phyto-
zome (https://phytozome-next.jgi.doe.gov/). Amino acid sequences
were aligned using the Jalview V2.11.1 with manually adjustments.

Plasmid construction and plant transformation

The coding sequence of GmLECIa was amplified from W82 cDNA and
inserted into the Xbal/BamHI restriction sites of pTF101 vector to
generate the overexpression construct. To generate swi4 and Gmlecl
mutants, multiple sgRNAs targeting different positions of the candi-
date genes were designed using the CRISPR direct website (http://
crispr.dbcls.jp/)*2. Primers used are listed in Supplementary Data 1. All
constructs were introduced into the Agrobacterium tumefaciens strain
EHA101, and separately transformed into W82 or TL1 (all carrying
SWi14'") via the cotyledon-node method®.

To overexpress different SWI4 haplotypes in Arabidopsis, N.
benthamiana leaves, and soybean hairy roots, the coding sequences of
SWI4" and SWi4'® were inserted into the pCAMBIA1350 vector. Pri-
mers used are listed in Supplementary Data 1. The floral dip method
was used to generate the transgenic plants, and positive transgenic
plants were selected on MS medium supplemented with hygromycin.
Transgenic hairy roots were generated through Agrobacterium rhizo-
genes-mediated transformation**.

RNA in situ hybridization

RNA in situ hybridization was performed following a previously
described protocol®. Briefly, seeds were fixed in RNase-free solution
containing 5% acetic acid, 50% ethanol, and 3.7% formaldehyde at 4 °C.
A 153-bp fragment specific to the SW14 cDNA was amplified with gene-
specific primers containing T7 and SP6 RNA polymerase binding sites
and integrated into the pSPT18 T-Easy vector (Roche, 11175025910).
Primers used are listed in Supplementary Data 1. The digoxigenin-
labeled antisense or sense probes were transcribed and labeled using a
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DIG RNA Labeling kit (Roche, 11175025910) according to the manu-
facturer’s protocol. Images were captured under a Leica stereomicro-
scope (DVM6).

Subcellular localization

To investigate the subcellular localization of different SW14 haplo-
types, the coding region of SWi14™ was inserted into the Pstl restriction
site of the pGreen-35S: GFP vector to fuse in-frame with GFP. Primers
used are listed in Supplementary Data 1. The above constructs were
introduced into Arabidopsis mesophyll protoplasts. Fluorescence
signals were captured using a confocal spectral microscope imaging
system (TCS SP5; Leica).

Gene expression analysis and RNA-seq

For gene expression analysis in seeds, flowers were marked with color-
coded thread after fertilization. The corresponding pods were har-
vested at the indicated days after fertilization (DAF), and the devel-
oping seeds were then dissected using a needle and immediately
placed in liquid nitrogen. For SW14 gene expression analysis, various
tissues were collected from 2-week-old seedlings or plants at flowering
stage. All experiments were performed with three biological replicates,
each of which is a pooled tissue from more than 10 individual plants.
Total RNA was isolated with a Plant RNA Kit (Promega, LS1040) and
reverse transcribed to cDNA using M-MLV Reverse Transcriptase
(Promega, M1701). RT-gPCR was performed using ChamQ Universal
SYBR gPCR Master Mix (Vazyme, Q711) on a Light Cycler 480 thermal
cycler system (Roche). The relative quantification was calculated in
triplicate and normalized to that of GmACTI1 (as an internal control).
Primers used are listed in Supplementary Data 1. For the RNA-seq
analysis, total RNA was extracted from 21 DAF seeds of W82 and swi14#1
plants, with three biological replicates for each genotype. Differentially
expressed genes were assessed using R package DESeq2*¢ with a cri-
terion of fold change >1.5 and an adjusted P<0.01.

Cell-free protein degradation assay
The coding sequences of SWI4"" and SWI4'® were inserted into the
BamHI/Sall restriction sites of pGEX-4T-1 (Pharmacia, 28954549). Pri-
mers used are listed in Supplementary Data 1. GST and GST fusion
recombinant proteins were induced in Escherichia coli Rosetta cells and
purified by Glutathione Sepharose Beads (GE Healthcare, 17-0756-01).
The cell-free protein degradation assay was performed as
described” using 21 DAF developing seeds. Total proteins were
extracted with degradation buffer (25mM Tris-HCI, pH 7.5, 10 mM
NaCl, 10 mM MgCl,, 5mM DTT, 100 mM CHX, and 10 mM ATP) and cell
debris was removed by centrifugation at 20,000 x g for 15 min. 100 pL
cell extracts (containing 500 pg total proteins) were incubated with
equal amounts of recombinant GST-SW14", GST-SW14'3, or GST pro-
tein at 25°C for the indicated time. Reactions were boiled in SDS
loading buffer and then analyzed by immunoblotting with «-GST
antibody (Tiangen, AB101-02, 1:10,000 dilution).

Yeast two-hybrid, three-hybrid, and four-hybrid assays
The coding sequence of SWI4" was inserted into the EcoRl/BamHI
restriction sites of pGBKT7 (Clontech, 631604). The coding sequences
of GmLECla and GmLECIb were inserted into the FEcoRI/BamHI
restriction sites of pGADT7 (Clontech, K1612-1). Primers used are listed
in Supplementary Data 1. Yeast two-hybrid assays were performed
according to the Yeastmaker Yeast Transformation System 2 (Clon-
tech). Yeast AH109 cells were co-transformed with the bait and prey
plasmids. All yeast cells were grown on SD/-LW medium for selection.
Positive clones were selected in SD/-LWHA dropout plates to evaluate
direct protein interactions following incubation at 30 °C.

To investigate the effect of GmNF-YC2 and SW14 on the interac-
tion between GmLECla and GmbZIP67, the coding sequence of
GmbZIP67 was inserted into the EcoRl/BamHI restriction sites of

pGADT7, and the coding sequences of GmNF-YC2 and SWi14 were
inserted into the Xhol/Xmal restriction sites of pQHOS, respectively.
For the yeast three-hybrid assay, yeast AH109 cells were co-
transformed with bait and prey plasmids in the presence of either
pPQHOS or pQHO5-GMNF-YC2. All yeast cells were grown on SD/-LWH
medium for selection, and positive clones were then spotted on SD/-
LWHA medium for the interaction test. For yeast four-hybrid assays,
PCR genotyping was performed to select the yeast single colonies
containing both GmNF-YC2 and SW14 genes. Primers used are listed in
Supplementary Data 1. These experiments were repeated at least three
times with similar results.

Split-luciferase assay

The coding sequences of GmLECIa and GmLECIb were inserted into
the Kpnl/Sall restriction sites of pCAMBIA1300-nLUC, and the coding
sequence for SW14"" was inserted into the Kpnl/Sall restriction sites of
pCAMBIA1300-cLUC*®, Primers used are listed in Supplementary
Data 1. Agrobacterium tumefaciens strain GV3101 cells harboring the
indicated constructs were mixed at a 1:1 ratio and introduced into N.
benthamiana leaves. The luciferase was activated by 1 mM D-luciferin
sodium salt substrate (Abcam, ab145164) after 2 to 3 days of infiltra-
tion. The luminescence imaging workstation (NightSHADE LB985;
Berthold) was used to capture luciferase images. Split-luciferase
experiment was repeated at least three biological replicates.

Co-IP assay

The coding sequence of SW14' was inserted into the pGreen-35S: GFP
vector to generate 35S: SWI14-GFP construct. The 355:BFP-GFP con-
struct is from a previous study*’. The coding sequences of GmLECIla
and GmLECIb were inserted into the Xbal/BamHI restriction sites of
pTF101 vector to generate 35S: GmLECIa/b-FLAG constructs. Primers
used are listed in Supplementary Data 1. Pairwise constructs were co-
transformed into N. benthamiana leaves. At 2 to 3 days after infiltra-
tion, the leaves were harvested for total protein extraction in co-
immunoprecipitation buffer (50 mM HEPES [pH 7.5], 150 mM KClI,
10 mM ZnS0,, 5 mM MgCl,, 1% Triton X-100, and 0.05% SDS, 0.5 mM
PMSF, proteinase inhibitor cocktail,). The total proteins were incu-
bated with GFP trap beads (Chromotek, gtak-20) at 4 °C overnight, and
rinsed three times with co-immunoprecipitation buffer. The pre-
cipitated proteins were boiled in 1x SDS loading buffer and detected by
immunoblotting with a-GFP (TransGen, HT801-01, 1:5000 dilution)
and o-FLAG (Sigma, F3165, 1:10,000 dilution) antibodies. Co-IP
experiment was repeated three biological replicates.

Transient expression assay

To generate the pFA9:LUC and pGmFAD3c:LUC reporter constructs,
3kb FA9 and 2 kb GmFAD3c promoters were cloned into the Hindlll/
BamHI restriction site of the pGreenll 0800-LUC vector, respectively.
The Renilla Luciferase (REN) gene under the control of the 35S pro-
moter in the pGreenll 0800-LUC vector was used as the internal con-
trol. The coding sequences of GmLECIla, GmNF-YC2, GmbZIP67, and
SWi4 were cloned into the modified pDOE-01 vector used as effectors.
Primers used are listed in Supplementary Data 1. The indicated com-
binations of effectors and reporters were transformed into N. ben-
thamiana leaves. The LUC and REN activities were measured using the
Dual-Luciferase Reporter Assay System Kit (Promega, E1910).

Chromatin immunoprecipitation (ChIP) qPCR assay

ChIP assays were performed as described previously®. Briefly, 21 DAF
developing seeds were crosslinked with 1% formaldehyde (Sigma,
F8775). Nuclei were isolated from the samples and sonicated to frag-
ment chromatin with an average size of -500 bp. Subsequently, the
chromatin was immunoprecipitated with Protein G PLUS/ Protein A
agarose (Millipore, 16-201) plus o-FLAG antibody. The precipitated
DNA were purified and used for qPCR analysis with ChamQ Universal
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SYBR qPCR Master Mix using the primers shown in Supplementary
Data 1. Relative enrichment fold was quantified by normalizing the
amount of a target DNA fragment against that of a GmACTI11 genomic
fragment and then against the respective input DNA samples.

Genetic diversity analysis

SNPs from previous study** with <10% missing data and MAF > 5% were
utilized to analyze the genetic diversity (1) of SWi4 locus. The pairwise
genomic differentiation values for wild, landrace and cultivated soy-
bean populations or soybean accessions harboring different natural
variations were calculated using a—window pi2000—window-pi-step
1000 sliding window in VCFtools®®. The values of Tajima’s D were
calculated as the probability of the sequence departure of a neutrally
evolved model using VCFtools*.

Statistical analyses

GraphPad Prism 8.0 and SPSS (version 19, IBM) were used for statistical
analysis of the numerical data. The statistically significant differences
between two groups or multiple samples were determined by one-way
ANOVA. The figure legends provide details on the statistical tests uti-
lized for each experiment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw sequence data of RNA-seq was deposited in the Genome
Sequence Archive (https://bigd.big.ac.cn/gsa) under GSA accession
number CRA024467. All data supporting the findings of this work are
provided within the paper and its Supplementary Information files.
The WmS82 a2.vl reference genome was download from Phyto-
zome. Source data are provided with this paper.
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