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Natural variation in GmRVE4d facilitates
soybean latitudinal adaptation by regulating
GmPRR5a-dependent flowering and
maturity
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Timely flowering and maturity are crucial for plant reproduction and envir-
onmental adaptation. Light-dark cycle-associated regulatory networks inte-
grate photoperiodic cues with intrinsic developmental programs and play
pivotal roles in flowering, maturity and environmental adaptation. Soybean s a
short-day crop with strong photoperiod responsiveness; however, the mole-
cular mechanisms by which these networks mediate soybean adaptation to
diverse environments remain largely elusive. Here, we combine genome-wide
association analysis with deep learning-based assessment of soybean maturity
variation and identify GmRVE4d, a homolog of the Arabidopsis clock-
associated REVEILLE, as a maturity-associated locus across both field envir-
onments. Genetic analysis reveals evidence of domestication-related artificial
selection at GmRVE4d and identifies the late-maturing haplotype GmRVE4d"™.
Functional analyses further demonstrate that the GmRVE4d protein directly
binds to the promoter of GmPRR5a, a soybean homolog of the Arabidopsis
clock-associated component PSEUDO-RESPONSE REGULATOR 5, and represses
its transcription, thereby delaying soybean flowering and maturity. Taken
together, our findings suggest that GmRVE4d is a negative regulator of soy-
bean flowering and maturity that functions by directly repressing GmPRR5a
expression and represents a promising molecular target for expanding culti-
vation latitudes through molecular breeding.

Flowering time and maturity are the key traits for ecological adap- developmental programs and play pivotal roles in shaping adaptive
tation in plants, jointly regulated by endogenous genetic networks  genetic diversity across plant species™’.

and environmental cues'. As core components of molecular path- Soybean (Glycine max (L.) Merr.) was originally domesticated in
ways that perceive and integrate environmental signals, circadian the temperate regions of China and has since spread globally; it is now
clock-associated genes coordinate external cues with intrinsic cultivated from 53°N to 35°S* . Soybean is a typical short-day crop that
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is highly sensitive to photoperiod and temperature. A majority of
soybean varieties switch from vegetative to reproductive growth after
the photoperiod is shortened below a certain threshold’?, indicating
that photoperiod is a primary environmental signal governing key
developmental transitions such as floral induction. By contrast, tem-
perature largely modulates developmental rate, affecting how rapidly
plants progress through vegetative and reproductive phases under a
given photoperiod’. Therefore, identifying circadian clock-associated
regulators of flowering and maturity is essential for understanding the
genetic basis of soybean adaptation and for improving maturity-
related traits through molecular breeding'*".

In soybean, flowering time and maturity are controlled by a con-
served but legume-specialized regulatory network centered on the
classic maturity loci £1-E4 and the long-juvenile gene /, which deter-
mine photoperiod sensitivity and regional adaptation'>”. £1 acts as a
soybean-specific flowering repressor by suppressing the florigen genes
GmFT2a and GmFT5a, whereas E2/GmGla, E3/GmPhyA3, E4/GmPhyA2,
and J/GmELF3 link photoperiod perception and circadian regulation
with downstream flowering responses. These pathways ultimately
regulate the florigen genes GmFT2a and GmFT5a, which function as
key downstream outputs of the photoperiodic flowering network and
promote floral transition under inductive conditions™".

The circadian clock is an endogenous molecular oscillator with an
approximately 24-h period that coordinates plant growth and devel-
opment with daily environmental cycles, thereby conferring adaptive
advantages'. In Arabidopsis, the circadian clock comprises a complex
network of interlocking feedback loops involving both transcriptional
repressors and activators"”. Morning-phase genes include CIRCADIAN
CLOCK-ASSOCIATED 1 (CCAI), LATE ELONGATED HYPOCOTYL (LHY),
REVEILLE genes such as RVE4, RVE6, RVES, NIGHT LIGHT-INDUCIBLE
AND CLOCK-REGULATED genes, such as LNK1 and LNK2, and PSEUDO-
RESPONSE REGULATOR genes including PRR9 and PRR7. Evening-phase
genes include PRRS, PRR3, PRRI/TIMING OF CAB EXPRESSION 1 (TOCI),
ZEITLUPE (ZTL), GIGANTEA (GI), and the evening complex (EC), which is
formed by EARLY FLOWERING 3 (ELF3), ELF4 and LUX ARRHYTHMO/
PHYTOCLOCK 1 (LUX/PCLI)**.

REVEILLE genes encode MYB domain-containing transcription
factors and are important components of the plant circadian clock
system'. The MYB protein family comprises functionally diverse
transcriptional regulators characterized by highly conserved
N-terminal MYB domains containing one to four imperfect tandem
repeats, and members of this family have substantial potential for
crop improvement through transcriptional regulation®*?. In Arabi-
dopsis, RVES regulates circadian rhythm antagonistically to LHY and
CCA1I and promotes the expression of PRRS, TOCI and other evening-
phased genes, including LUX, ELF4 and GI, by directly binding to the
evening element (EE; AAAATATCT) in their promoters?. The RVES
gene is also implicated in the control of flowering time'**>, RVE4 and
RVES are closely related members of the Arabidopsis RVE family,
sharing conserved protein domains and overlapping biological
functions. Previous studies have shown that RVE4, RVE6 and RVES
function partially redundantly to accelerate the circadian clock
pace”?. Intriguingly, flowering time is slightly delayed in rve4 rve6
rve8 triple mutants, a phenotype opposite to that of the rve8 single
mutant™?>,

In recent years, multiple soybean genes homologous to known
circadian clock components or associated with clock-regulated path-
ways have been identified. Several genes have been implicated in cir-
cadian or clock-associated rhythmic regulation, including
GmLHYla/Tofl6, GmLHY1b/E11, GmLHYIc, GmLHY1d*, LUX1, LUX2*",
J*%, GmTOCIb” and E2*°. These genes are homologous to conserved
clock or EC components and have been linked to circadian regulation
and photoperiodic flowering in soybean. By contrast, other loci, such
as Gpl/qFTI12-1/Tof12/GmPRR37/GmPRR3b**, Tofl1/Gp11/GmPRR3a*,
GmEIDI* and Dgt1/GmRVEI*®, are homologous to, or associated with,

clock-related genes but have so far mainly been characterized as reg-
ulators of flowering time, maturity, plant architecture or photo-
periodic adaptation. Recent studies have shown that, under long-day
conditions, E2 interacts with the blue-light receptor Flavin-binding,
Kelch repeat, F-box 1 (FKF1), thereby inducing the degradation of J. The
EC also suppresses E2 expression by binding to the E2 promoter,
eventually forming a soybean photoperiod-dependent regulatory
loop™. In addition, Tof11 and Tof12 directly suppress GmRVEI expres-
sion, and GmRVEI represses flowering in an E1-dependent manner?®.
However, the soybean circadian clock appears to have a complex
regulatory architecture, and its underlying molecular network remains
incompletely understood. In particular, the functions of soybean
GmRVE4 genes and their downstream regulatory mechanisms remain
largely unknown.

In this study, we identified GmRVE4d, a soybean homolog of the
Arabidopsis REVEILLE gene, as the candidate gene for a major maturity
quantitative trait locus by combining genome-wide association study
(GWAS) with a deep learning (DL)-based approach, DeepGOPlus.
GmRVE4d encodes a protein homologous to Arabidopsis RVE4 and
RVES8. Through analysis of CRISPR-Cas9 knockout mutants, pheno-
typing of transgenic materials and investigation of its regulatory
mechanism, we found that Gmrve4d mutants flowered and matured
earlier under the tested conditions, whereas enhanced GmRVE4d
activity delayed flowering and maturity. Mechanistically, we showed
that GmRVE4d regulates flowering time and maturity by inhibiting the
transcriptional expression of GmPRRSa. Moreover, the GmRVE4d'™®
haplotype exerted a stronger regulatory effect than GmRVE4d"". We
further demonstrated that the GmRVE4d-containing haplotype block
underwent strong artificial selection during soybean domestication.
Collectively, these results suggest that GmRVE4d is a negative reg-
ulator of soybean flowering and maturity and may have contributed to
the domestication process from wild soybean (G. soja) to cultivated
soybean.

Results

Phenotypic analysis of maturity in both environments

The maturity of 257 accessions representing diverse maturity groups
(MGs) worldwide was evaluated under field conditions in Beijing,
China, in 2020 and 2021 (BJ2020 and BJ2021) (Supplementary Data 1).
The results revealed no significant differences between the two years
at the Beijing location (Fig. 1a). Significant phenotypic variation in
maturity was detected among accessions across all tested environ-
ments (p < 0.05; Supplementary Fig. 1). Moreover, maturity was sig-
nificantly delayed with increasing MG (p < 0.05), indicating substantial
natural variation in maturity-related traits among soybean accessions
from different MGs.

Resequencing and genomic variation of soybean accessions
from different maturity groups

Whole-genome resequencing was performed for the 257 soybean
accessions using the Illumina NovaSeq 6000 platform, generating an
average clean read depth of 9x per accession. Clean reads were aligned
to the soybean reference genome assembly Glycine max Wm82.a2.v1,
with an average mapping coverage of 94% (Supplementary Data 2).
After stringent quality control and filtering, we identified 2,757,937
high-quality single-nucleotide polymorphisms (SNPs) distributed
across the 20 soybean chromosomes, together with 315,478 inser-
tions/deletions (InDels) (Supplementary Fig. 2).

Genetic relationships among the 257 accessions were assessed
using multiple approaches, including principal component analysis
(Supplementary Fig. 3), population genetic structure analysis (Sup-
plementary Fig. 4) and phylogenetic analysis (Fig. 1b). These analyses
revealed broad clustering patterns that generally corresponded to the
geographic origins of Northern Spring Planting Region, the
Huang-Huai-Hai Summer Planting Region, and the Southern Multiple
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Fig. 1| Genome-wide association analysis identifies GmRVE4d as a candidate
locus associated with soybean maturity. a Phenotypic variation in soybean
maturity duration across two environments, measured as days from emergence to
physiological maturity. VE, emergence; R7, physiological maturity; VE-R7, days
from VE to R7. ns indicates no significant difference among environments, as
determined by one-way ANOVA followed by Tukey’s test, p > 0.05; n =257 acces-
sions per environment. b Phylogenetic relationships of the soybean diversity panel
inferred from genome-wide SNPs. NR, accessions from the Northern Spring
Planting Region; HR, accessions from the Huang-Huai-Hai Summer Planting
Region; SR, accessions from the Southern Multiple Cropping Region. ¢ Genome-
wide association study results for VE-R7 across two environments. BJ2020, Beijing

(40°23'N, 116°57’E), China, in 2020; BJ2021, Beijing, China, in 2021. Marker-trait
associations were evaluated using a mixed linear model with two-sided tests.
Dashed horizontal lines indicate the Bonferroni-corrected significance threshold
adjusted for multiple comparisons. Candidate loci and previously reported flow-
ering- or maturity-related genes are annotated. Diurnal expression profiles of Gly-
ma.19G178000 under short-day conditions, SD, 12 h light/12 h dark (d), and long-
day conditions, LD, 16 h light/8 h dark (e). Data are shown as mean + SD from three
independent biological replicates. f Gene Ontology biological process terms
associated with Glyma.19G178000, predicted using the deep learning-based
DeepGOPlus model. Selected terms relevant to photoperiodic regulation

are shown.

Cropping Region in China. However, the ADMIXTURE analysis indi-
cated substantial admixture among accessions from these regions,
suggesting that geographic origin is not equivalent to genetic ancestry
or a genetically discrete population boundary.

We further characterized linkage disequilibrium in this popula-
tion. Linkage disequilibrium, quantified as the squared correlation
coefficient (r2) between SNP alleles, decreased with increasing physical
distance. The linkage disequilibrium decay distance, defined as the
physical distance at which r? decreased to half of its maximum value,
was approximately 50 kb (Supplementary Fig. 5).

Identification of maturity-related QTLs by GWAS

Using maturity phenotypes collected from BJ2020 and BJ2021, we
performed GWAS separately for each environment. A threshold of
-logyo p = 6, corresponding to I/n, where n represents the total num-
ber of SNPs, was used to identify significant marker-trait associations.
To identify loci consistently detected in both environments, we further
compared the physical positions of association peaks across both
environments. Although association signals were detected on several
chromosomes, including chromosome 6, these peaks were not con-
sistently observed at similar genomic positions across both environ-
ments. By contrast, a locus on chromosome 19 showed a reproducible

association peak at a consistent genomic position in both environ-
ments and was therefore selected for further analysis (Fig. 1c, Sup-
plementary Fig. 6 and Supplementary Data 3). Other association
signals detected on different chromosomes may correspond to pre-
viously reported maturity-related loci (MYB33) or may represent novel
loci. However, these loci were not investigated further in this study
because association peaks at the corresponding genomic positions
were not consistently detected across environments, unlike the chro-
mosome 19 locus.

To define the candidate region on chromosome 19, we examined
the local linkage disequilibrium structure around the lead-associated
SNPs based on the estimated genome-wide linkage disequilibrium
decay distance of approximately 50 kb. Linkage disequilibrium block
analysis showed that the associated SNPs at Chrl9:43,721,425 and
Chr19:43,687,363 were located within the same linkage disequilibrium
block. This strongly linked block spanned an 84.1-kb interval from
43.672 to 43.756 Mb within the candidate genomic region (Supple-
mentary Fig. 7). According to the soybean reference genome assembly
Glycine max Wm82.a2.vl, this interval contains nine annotated genes
(Supplementary Data 4).
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Identification of a candidate maturity-associated locus
To prioritize candidate genes within the chromosome 19 maturity-
associated locus, we first performed quantitative real-time PCR
(QRT-PCR) to analyze the transcriptional profiles of genes in the can-
didate interval in the soybean cultivar Jack. Under both short-day (SD;
12 h light/12 h dark) and long-day (LD; 16 h light/8 h dark) conditions,
only Glyma.19G177500, Glyma.19G177600, Glyma.19G178000 and
Glyma.19G178200 showed time-dependent expression changes, sug-
gesting that their expression was regulated by the light-dark cycle
(Fig. 1d, e and Supplementary Fig. 8). We then predicted their func-
tional annotations using DeepGOPlus. Among these four genes, Gly-
ma.19G178000 and Glyma.19G178200 were predicted to be associated
with photoperiodic regulation (Fig. 1f and Supplementary Data 5).
We further surveyed natural variation in the coding sequences
(CDSs) of these two candidate genes and used the identified variants to
define haplotypes. Nonsynonymous variants leading to amino acid
substitutions were detected in Glyma.19G178000, but not in Gly-
ma.19G178200 (Fig. 2a, b and Supplementary Fig. 9). Accessions

carrying Glyma.19G178000" showed significantly delayed flowering
and maturity compared with those carrying Glyma.19G178000™"
across both environments (p <0.01) (Fig. 2c, d), possibly owing to a
Ser-to-Asn amino acid substitution at position 77 within the conserved
domain (Fig. 2b and Supplementary Fig. 10). Geographical distribution
analysis further revealed that Glyma.19G178000"" was predominant in
the Northern Spring Planting Region, whereas Glyma.19G178000"° was
more prevalent in the Southern Multiple Cropping Region (Fig. 2e);
other haplotypes with small sample sizes (n<5) were not further
analyzed.

To determine whether Glyma.19G178000 was associated with
selection during soybean domestication, we performed a genome-
wide cross-population composite likelihood ratio (XP-CLR) scan
comparing wild soybeans and landraces. The genomic region har-
boring Glyma.19G178000 showed evidence of selection during
domestication (Supplementary Fig. 11). We next examined the local
haplotype structure across the 257 soybean accessions. Within the
500-kb region flanking Glyma.19G178000, the gene was located
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Fig. 2 | Molecular characterization and haplotype analysis of the GmRVE4d
locus in soybean. a Gene structure and coding region variants of GmRVE4d in the
different haplotypes. Exons, introns and untranslated regions are indicated. ATG
and TAG denote the translation start and stop codons, respectively. b Haplotypes
detected in the coding region of GmRVE4d and their predicted amino acid changes.
W82 denotes Williams 82, the soybean reference cultivar; CDS, coding sequence;
nt, nucleotide; AA, amino acid; #, nucleotide or amino acid position. Comparison of
flowering time, measured as days from emergence to first bloom, VE-R1 (c), and
maturity duration, measured as days from emergence to physiological maturity,
VE-R7 (d), between the major haplotypes GmRVE4d™ and GmRVE4d™ across two
environments. VE, emergence; R1, first bloom; R7, physiological maturity. BJ2020,
Beijing, China, in 2020; BJ2021, Beijing, China, in 2021. Statistical significance was

Physical position on chromosome 19 (bp)

determined using a two-sided Student’s ¢ test. e Haplotype network of GmRVE4d
based on coding-region variants. Circle size is proportional to the number of
accessions carrying each haplotype. Colors indicate soybean accessions from dif-
ferent ecological regions: NR, Northern Spring Planting Region; HR,
Huang-Huai-Hai Summer Planting Region; SR, Southern Multiple Cropping
Region. Short bars on branches indicate mutational steps between haplotypes.

f Population differentiation, measured by Fsr, across the 2.7-kb promoter region of
GmRVE4d in wild soybeans, landraces and cultivated soybeans. Blue and green lines
indicate Fst between wild soybeans and landraces, and between landraces and
cultivated soybeans, respectively. The dashed line indicates the threshold of
Fst=0.31. g Nucleotide diversity, i, across the 2.7-kb promoter region of GmRVE4d
in wild soybeans, landraces and cultivated soybeans.
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within an approximately 200-kb haplotype block characterized by
strong linkage disequilibrium (Supplementary Fig. 12). We therefore
conducted population genetic analyses across the entire linkage
disequilibrium block using Tajima’s D, population differentiation
(Fst) and nucleotide diversity (i), and further examined per-site Fst
and m in the 2.7-kb promoter region of Glyma.19G178000. These
analyses revealed elevated differentiation between wild and domes-
ticated soybeans, together with reduced nucleotide diversity in
landraces and cultivated soybeans relative to wild soybean (Fig. 2f, g
and Supplementary Figs. 13-15). These results supported the occur-
rence of domestication-associated selection at the genomic region
harboring Glyma.19G178000.

Phylogenetic and domain analyses showed that Gly-
ma.19G178000 is homologous to Arabidopsis RVE4 and encodes a 1R-
MYB transcription factor containing a 50-amino-acid R motif (Sup-
plementary Fig. 16). Accordingly, we named this gene GmRVE4d. Col-
lectively, the expression profile, predicted function, haplotype-
phenotype association, geographic distribution and population-
genetic signatures described above supported the identification of
GmRVE4d as a strong candidate gene at the chromosome 19 maturity-
associated locus.

Tissue-specific expression analysis and subcellular localization
of GmRVE4d

To determine the expression pattern of GmRVE4d, we performed
gRT-PCR to examine GmRVE4d transcript levels in different soybean
tissues. GmRVE4d was highly expressed in trifoliolate leaves, followed
by flowers and true leaves (Supplementary Fig. 17), consistent with a
potential role in tissues involved in perceiving environmental photo-
period signals in soybean. The GmRVE4d-GFP fusion protein was pre-
dominantly localized to the nucleus (Supplementary Fig. 18),
consistent with its predicted function as a transcription factor that
regulates downstream gene expression.

GmRVE4d acts as an inhibitor of flowering and maturity

To further verify the role of GmRVE4d in controlling flowering time and
maturity, we used CRISPR-Cas9 to generate Gmrve4d mutants in the
Jack background, which carries the GmRVE4d™ haplotype. Three
independent homozygous Gmrve4d mutant lines carrying 1-bp, 5-bp,
and 33-bp deletions, respectively, were obtained for phenotypic ana-
lysis (Supplementary Fig. 19).

Under SD conditions, the time from emergence to flowering was
significantly advanced by 2-3 days in the three independent mutant
lines compared with Jack wild type (WT) (p < 0.05), and maturity was
significantly advanced by 9-10 days (p < 0.05; Supplementary Fig. 20).
Under LD conditions, flowering time was significantly advanced by
4-7 days in the three independent mutant lines (p<0.05), and
maturity was significantly advanced by 11 days (p < 0.05; Supplemen-
tary Fig. 20).

Under natural long-day (NLD) conditions from June to October in
Beijing, China (40°23'N, 116°57’E), in 2023, flowering time was sig-
nificantly advanced by 5 days in the three independent mutant lines
(p<0.05; Fig. 3a, b), and maturity was significantly advanced by
5-6 days (p < 0.05; Fig. 3a, d). Similarly, under NLD conditions in Xin-
xiang, Henan Province, China (35°10’N, 113°48’E), in 2023, flowering
time was significantly advanced by 2-3 days in the three independent
mutant lines (p < 0.05; Fig. 3f), and maturity was significantly advanced
by 4-5 days (p<0.05; Fig. 3h). Consistent phenotypic results were
observed in the 2025 field trial (Fig. 3c, e, g, i).

To further confirm the role of GmRVE4d in regulating flowering
time and maturity, we generated a plant expression construct con-
taining the CDS of GmRVE4d'™ driven by the constitutive CaMV35S
promoter and introduced it into the soybean cultivar Jack via Agro-
bacterium-mediated transformation. qRT-PCR analysis revealed sig-
nificantly increased GmRVE4d transcription levels in T3 homozygous

transgenic plants, hereafter referred to as GmRVE4d-OE lines, with
transcript levels 77-, 30- and 80-fold higher than those in Jack plants,
respectively (Supplementary Fig. 21). Western blot analysis further
confirmed the presence of GmRVE4d-GFP fusion proteins in the
GmRVE4d-OE lines (Supplementary Fig. 22).

Under SD conditions, flowering time was significantly delayed by 3
days in the GmRVE4d-OE lines compared with Jack (p<0.05), and
maturity was significantly delayed by 5-6 days (p < 0.05; Supplemen-
tary Fig. 23). Under LD conditions, flowering time was significantly
delayed by 8-9 days in the GmRVE4d-OE lines compared with Jack
plants (p < 0.05), and maturity was significantly delayed by 11-13 days
(p < 0.05; Supplementary Fig. 23).

Under NLD conditions in Beijing in 2023, flowering time was sig-
nificantly delayed by 5-10 days in the GmRVE4d-OE lines (p <0.05;
Fig. 3a, b), and maturity was significantly delayed by 7 days (p <0.05;
Fig. 3a, d). Similarly, under NLD conditions in Xinxiang in 2023, flow-
ering time was significantly delayed by 10-11 days in the GmRVE4d-OE
lines (p<0.05; Fig. 3f), and maturity was significantly delayed by
11-14 days (p<0.05; Fig. 3h). Consistent phenotypic results were
observed in the 2025 field trial (Fig. 3c, e, g, i). These results demon-
strated that GmRVE4d delayed flowering and maturity under both
controlled and natural photoperiodic conditions.

Notably, the growth period structure, defined here as the ratio of
reproductive to vegetative growth duration (R/V), was highest in the
Gmrve4d mutant lines under each photoperiod condition, followed by
Jack and GmRVE4d-OE lines (Supplementary Fig. 24). These results
suggested that elevated GmRVE4d activity prolonged pre-flowering
development. However, because 35S-driven expression bypasses
native temporal and environmental regulation, detailed phase-specific
functions of endogenous GmRVE4d will require further analysis using
native-promoter materials.

GmRVE4d directly inhibits the transcription of GmPRR5a

To gain further insight into how GmRVE4d delays flowering and
maturity, we performed RNA-seq to compare genome-wide gene
expression profiles among Jack, GmRVE4d-OE, and Gmrve4d mutant
lines (Supplementary Data 6). A Venn diagram identified 209 differ-
entially expressed genes shared between the comparisons of the
GmRVE4d-OF and Gmrve4d mutant lines with Jack (Supplementary
Fig. 25). We then performed DNA affinity purification sequencing
(DAP-seq) to identify direct regulatory targets of GmRVE4d at the
whole-genome scale (Supplementary Fig. 26). By integrating the
RNA-seq and DAP-seq results, we identified 56 candidate target genes
(Fig. 4a). Among these genes, GmPRR5a is a soybean homolog of
Arabidopsis PSEUDO-RESPONSE REGULATOR 5 (PRRS), which encodes
a central component of the circadian clock (Supplementary Fig. 27).
MEME analysis of GmRVE4d-binding peaks revealed a significantly
enriched motif corresponding to the canonical EE, with a conserved
9-bp core sequence 5-AGATATTTT-3' that is the reverse complement
of the widely accepted EE consensus sequence (Fig. 4b, c). Expres-
sion pattern analysis further showed that GmPRR5a displayed a time-
dependent expression pattern opposite to that of GmRVE4d under
both SD and LD conditions, suggesting that their expression is
regulated by the light-dark cycle (Fig. 1d, e and Supplementary
Fig. 28). Therefore, on the basis of the integrated RNA-seq and DAP-
seq analyses, GmPRR5a was selected as a candidate direct target gene
of GmRVE4d.

To determine whether GmRVE4d binds to the GmPRRSa pro-
moter, we performed a dual-luciferase reporter assay. These assays
showed that GmRVE4d inhibited reporter gene expression driven by
the GmPRR5a promoter, supporting a direct repressive effect on
GmPRRS5a transcription (Fig. 4d-f). We also conducted electrophoretic
mobility shift assays (EMSAs) to examine the in vitro binding of
GmRVE4d to synthetic oligonucleotide probes containing the
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Fig. 3 | Functional characterization of GmRVE4d in regulating soybean flow-
ering time and maturity. a Plant phenotypes related to flowering time and
maturity under natural long-day (NLD) conditions. Flowering time (days from VE to
R1) across Beijing in 2023 (b) and 2025 (c), Xinxiang in 2023 (f) and 2025 (g). VE,
emergence. R1, beginning bloom. Maturity (days from VE to R7) across Beijing in

2023 (d) and 2025 (e), Xinxiang in 2023 (h) and 2025 (i). R7, physiological maturity.
n=25 plants (2023) and 8 plants (2025). Flowering stage scale bars: 3 cm. Maturity
stage scale bars: 5 cm. Different lowercase letters indicate significant differences
among genotypes, as determined by one-way ANOVA followed by Tukey’s

test, p<0.05.

conserved sequence 5-AGATATTTT-3’ from the GmPRR5a promoter
region (Fig. 4g).

We further performed chromatin immunoprecipitation followed
by qPCR (ChIP-qPCR) using transgenic 35Spro:GmRVE4d-GFP plants.
Trifoliolate leaves from transgenic plants grown under SD photo-
period were harvested for ChIP-qPCR using an anti-GFP antibody, with
immunoglobulin G (IgG) as a negative control. GmRVE4d enrichment
was detected at the GmPRR5a promoter (Fig. 4h), further supporting
the binding of GmRVE4d to the GmPRR5a promoter in vivo.

Phenotypic analyses indicated that GmRVE4d'” exerted a stronger
effect than GmRVE4d™. To test whether this difference was associated
with promoter-binding activity, we performed yeast one-hybrid (YIH)
assays. The results showed that GmRVE4d directly bound to the
GmPRR5a promoter in yeast, and GmRVE4d™ showed stronger binding
activity than GmRVE4d™ (Fig. 4i).

Collectively, these results demonstrated that GmRVE4d directly
bound to the promoter of its downstream target gene GmPRRSa and
repressed its transcription. Natural variation in GmRVE4d enhanced
the activity of the GmRVE4d™ protein, which was associated with
delayed flowering and maturity. These findings suggested that the
GmRVE4d"™ haplotype might have contributed to soybean adaptation
to lower-latitude regions where delayed flowering and maturity could
be agronomically favorable.

The GmRVE4d-GmPRRSa-GmFT2a/GmFT5a regulatory cascade
modulates flowering time and maturity in soybean

To further determine whether GmPRRS5a regulates soybean flowering
time and maturity, we used CRISPR-Cas9 to generate Gmprr5a mutants
in the Jack background. Two independent homozygous GmprrSa
mutant lines were identified and used for phenotypic analysis (Sup-
plementary Fig. 29).

Under SD conditions, the time from emergence to flowering was
significantly delayed by 1-2 days in the two independent mutant lines
compared with Jack (p < 0.05; Fig. 5a, b), and maturity was significantly
delayed by 8 days (p < 0.05; Fig. 5a, ). Under LD conditions, flowering
time was significantly delayed by 5-6 days in the two independent
mutant lines (p < 0.05; Fig. 5¢), and maturity was significantly delayed
by 8-9 days (p < 0.05; Fig. 5f).

Under natural short-day (NSD) conditions from August to October
in Sanya, China (18°14'N, 109°13'E), in 2025, flowering time was sig-
nificantly delayed by 2 days in the two independent mutant lines
(p<0.05; Fig. 5d), and maturity was significantly delayed by 4 days
(p<0.05; Fig. 5g). These results indicated that GmPRR5a promoted
flowering and maturity in soybean, consistent with the delayed-
flowering and delayed-maturity phenotypes observed when GmPRR5a
function was disrupted.

Expression analysis further revealed that the transcript levels of
the florigen-encoding genes GmFT2a and GmFT5a were significantly
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Fig. 4 | Identification of downstream target genes of GmRVE4d. a Venn diagram
showing the overlap between differentially expressed genes identified by RNA-seq
and candidate target genes identified by DAP-seq. b DAP-seq binding peaks
showing enrichment of GmRVE4d in the promoter region of GmPRR5a. ¢ Putative
GmRVE4d-binding motif identified from DAP-seq peak-associated sequences using
MEME. d Schematic representation of the effector and reporter constructs used in
the dual-luciferase reporter assay. The effector constructs contained the empty
vector, GmRVE4d"™ or GmRVE4d"™ driven by the CaMV 35S promoter, and the
reporter construct contained the GmPRR5a promoter driving LUC and the CaMV
35S promoter driving REN. e Relative LUC/REN activity showing that GmRVE4d™ or
GmRVE4d'™ repress the transcriptional activity of the GmPRRSa promoter in
tobacco leaves. f Representative bioluminescence images of tobacco leaves tran-
siently expressing the indicated effector and reporter constructs. g EMSA showing

IgG GFP

the direct binding of MBP-GmRVE4d to the GmPRR5a promoter probe. Biotin-
labeled oligonucleotides containing the AGATATTTT motif were used as probes.
The probe sequence of GmPRR5a was determined based on the location of the
binding peaks in DAP-seq results. Excess unlabeled probe was used as a competitor,
and mutated unlabeled probe was used as a negative control. The experiment was
independently repeated three times with similar results. h ChIP-qPCR assay vali-
dating the in vivo enrichment of GmRVE4d at the GmPRRS5a promoter region.

i Yeast one-hybrid assay showing the direct binding of GmRVE4d to the GmPRR5a
promoter. The pB42AD empty vector was used as the negative control. Data are
means + SD of three independent biological replicates. Statistical significance was
determined using one-way ANOVA followed by a multiple-comparisons test. Exact
adjusted p values are shown in the figure. The MEME E-value for the identified motif
is 9.8 x107°°%,

reduced in GmprrSa mutant plants compared with Jack (p<0.05;
Supplementary Fig. 30), consistent with the delayed-flowering phe-
notype of the mutants. Given that Arabidopsis PRR proteins regulate
flowering partly through the CDF-CO-FT module, we further exam-
ined the expression of soybean CDF and CO-like homologs. The
expression levels of GmCDFI and GmCDF2 were significantly decreased
in the Gmprr5a mutants, whereas those of GmCOLIa and GmCOL1b
were increased (p < 0.05; Supplementary Fig. 30). These results indi-
cated that GmPRRS5a affected the expression of soybean CDF and CO-
like homologs. However, the reduced expression of soybean GmCDF1/
2 and increased expression of GmCOL1la/b in the mutants, together
with the downregulation of GmFT2a/GmFT5a, suggested that regula-
tion of GmFT2a/GmFT5a by GmPRR5a could not be fully explained by a
simple conserved PRR-CDF-CO-FT cascade as described in Arabi-
dopsis. Thus, GmPRR5a may regulate soybean flowering through a

more complex or soybean-specific mechanism that ultimately affects
GmFT2a and GmFT5a expression.

Discussion

GmRVE4d is a major gene affecting soybean maturity and lati-
tudinal adaptability

Flowering time and maturity are crucial traits for soybean ecological
adaptation and are tightly regulated by photoperiod®. In Arabidopsis,
RVE4 and RVES play important roles in responses to photoperiod
stress®*. Our results suggest that GmRVE4d is associated with
domestication-related selection signals and that the GmRVE4d™ hap-
lotype contributes to soybean adaptation in low-latitude regions,
possibly through altered responses to photoperiod-related environ-
mental conditions, whereas GmRVE4d"" is more prevalent in high-
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Fig. 5 | Functional characterization of GmPRRSa in regulating flowering time
and maturity. a Plant phenotypes of the wild-type cultivar Jack and the Gmprr5a
mutants (Gmprr5a-1 and GmprrSa-2) at the flowering and maturity stages under
short-day conditions. At the flowering stage, Jack had opened flowers, whereas
GmprrSa-1 and Gmprr5a-2 showed delayed floral development. At the maturity
stage, Jack showed mature dark-brown pods, whereas the GmprrSa mutants
retained yellow-green immature pods. Scale bars, 0.5 cm for the flowering stage
and 1cm for the maturity stage. Flowering time, measured as days from vegetative
emergence to beginning bloom (VE-R1), of Jack, GmprrSa-1 and GmprrSa-2 under

short-day conditions (SD; 12 h light/12 h dark) (b), long-day conditions (LD; 16 h
light/8 h dark) (c) and natural short-day conditions (NSD) in Sanya, Hainan Pro-
vince, China (18°14’'N, 109°13’E), in 2025 (d). Maturity, measured as days from
vegetative emergence to physiological maturity (VE-R?), of Jack, Gmprr5a-1 and
GmprrSa-2 under SD (e), LD (f) and NSD (g) conditions. VE, vegetative emergence;
R1, beginning bloom; R7, physiological maturity. n = 8 plants. One-way ANOVA
followed by Tukey’s multiple-comparison test was used to assess differences
among genotypes. Exact adjusted p values are shown in the figure.

latitude regions. These findings indicate that GmRVE4d is an important
gene controlling soybean maturity and adaptability.

In soybean, many circadian clock-related genes function as
negative regulators of flowering and maturity, including £2, GmPRR3a,
GmPRR3b and GmLHY1a, whereas several others, such as GmELF3 and
GmLUX, act as positive regulators®. These genes exhibit distinct
expression patterns under different photoperiod conditions, which
contribute to their diverse regulatory effects. In this study, we identi-
fied GmRVE4d as a negative regulator of flowering and maturity in
soybean, whereas its downstream target gene GmPRR5a acts as a
positive regulator. Moreover, our findings reveal that GmRVE4d,
similar to GmPRR3b and GmELF3, exerts a strong negative regulatory
influence on soybean flowering and maturity processes, which further
enriches our understanding of the complex gene regulatory network
controlling these crucial developmental stages in soybean®***,

Previous research has highlighted maturity as a fundamental
domestication trait*’, with gradual changes in growth-period structure
from wild to cultivated soybeans driven by artificial selection for
higher yield and broader adaptation*-*2. Furthermore, the latitudinal
expansion of soybean is associated with selection on alleles of core
circadian clock-associated genes*. Consistent with this notion, the
genomic region harboring GmRVE4d showed elevated population
differentiation and reduced nucleotide diversity between wild and
cultivated soybeans, together with distinct haplotype distributions
across geographic regions. We note, however, that the number of wild
soybean accessions included in this study was limited; therefore, the
nucleotide-diversity comparison between wild and cultivated groups
should be interpreted with caution. Nevertheless, when considered
together with evidence from XP-CLR, Fst, Tajima’s D, local haplotype
structure, and haplotype-phenotype association analyses, these results
collectively support GmRVE4d as a major maturity-associated gene
contributing to soybean latitudinal adaptation.

GmRVE4d is a candidate molecular target for improving soy-
bean ecological adaptability

Improving soybean adaptability across different latitudes and
expanding its cultivation area is a crucial strategy to meet the
increasing demand for soybean products. Previous studies have shown
that the wide geographical distribution of soybean is associated with
abundant natural variation and diverse combinations of genes and
QTLs regulating flowering time and maturity**. Although several major
genes associated with maturity traits have been cloned and
characterized®, there remains an urgent need for a large number of
photoperiod-insensitive super-early maturity varieties in high-latitude
regions. Therefore, uncovering new major genes that regulate soybean
maturity could provide valuable targets for future genetic improve-
ments and enhance soybean ecological adaptability.

In recent years, a modern breeding strategy termed “Potalaiza-
tion” has been proposed to generate widely adapted soybean varieties
by combining multiple molecular tools in existing elite and broadly
adapted genetic backgrounds*. In this study, CRISPR-Cas9-mediated
targeted mutagenesis of GmRVE4d in the soybean cultivar Jack gen-
erated Gmrve4d mutants that matured approximately 5-6 days earlier
under NLD conditions in Beijing and 4-5 days earlier under NLD con-
ditions in Xinxiang in the 2023 field trial (Fig. 3d, h). Consistent early-
maturity phenotypes were also observed in the 2025 field trial (Fig. 3e,
i). These results suggested that CRISPR-Cas9 technology could be used
to create Gmrve4d mutants in Jack or other elite soybean varieties,
enabling their potential introduction into higher-latitude regions or
use in spring sowing within multiple-cropping systems. In addition,
transgenic overexpression of GmRVE4d significantly delayed flowering
and maturity when plants were grown under NLD conditions in Beijing
and Xinxiang (Fig. 3). Thus, GmRVE4d could also be used to breed
cultivars with a longer growth period and delayed maturity in tempe-
rate or lower-latitude regions where extended vegetative growth is
agronomically favorable.
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GmFT5a expression and delayed flowering and maturity. In contrast, mutation of
GmRVE4d releases GmPRRSa expression and is associated with increased GmFT2a/
GmFT5a expression, resulting in early flowering and early maturity. GmCDFs and
GmCOlLs are indicated as gene families. Arrows indicate positive regulation or
transcriptional activation, whereas T-bars indicate negative regulation or tran-
scriptional repression. Solid lines indicate direct regulatory relationships sup-
ported by experimental evidence in this study, and dashed lines indicate putative or
expression-associated links that remain to be further validated.

Molecular mechanism underlying GmRVE4d-mediated regula-
tion of flowering and maturity in soybean

This study demonstrated that GmRVE4d directly binds to the pro-
moter of GmPRRSa and inhibits its transcriptional expression, as sup-
ported by YIH, EMSA, ChIP-qPCR and dual-luciferase reporter assays.
In Arabidopsis, members of the Groucho/Tupl corepressor family,
TOPLESS/TOPLESS-RELATED (TPL/TPR), interact with PRRS protein at
the CCAI and LHY promoters to repress transcription and alter circa-
dian period®. These findings suggested that PRR proteins and their
associated regulatory modules could have central roles in circadian
transcriptional regulation. In soybean, our results supported a model
in which GmRVE4d acts upstream of GmPRR5a and delays flowering
and maturity by repressing GmPRRS5a transcription.

Previous studies have shown that mutations in soybean
GmLCL/GmLHY genes can result in late flowering”*. Therefore,
GmPRR5a may regulate downstream clock-associated genes, including
GmLCL/GmLHY homologs, which may have functions distinct from
those of their Arabidopsis orthologues. Notably, LNK1 is an essential
transcriptional coactivator for the expression of the circadian clock
gene PRRS in Arabidopsis; it is recruited to the PRRS promoter through
interaction with bona fide DNA-binding proteins such as RVE4 and
RVES**, In this study, AlphaFold3-based structural predictions sug-
gested that GmRVE4d may exert its regulatory function by recruiting
GmLNKI and GmLNK2 to form a protein complex (Supplementary
Fig. 31)*®. However, whether GmRVE4d physically interacts with
GmLNK1 or GmLNK2 remains to be experimentally validated using
molecular assays such as co-immunoprecipitation (Co-IP) or bimole-
cular fluorescence complementation (BiFC). In addition, whether
GmPRRS5a regulates downstream genes through the £2/EC pathway and
thereby affects soybean flowering and maturity remains to be further
clarified”. Further studies of GmRVE4d and GmPRRSa will help eluci-
date the molecular mechanisms underlying the soybean light-dark
cycle-associated regulatory network and its contribution to
photoperiod-dependent regulation of flowering and maturity.

Taken together, our results supported a regulatory model in which
GmRVE4d-mediated repression of GmPRRS5a contributes to soybean
flowering and maturity regulation under different photoperiod condi-
tions and field environments (Fig. 6). The GmRVE4d™ protein, encoded
by the low-latitude-enriched GmRVE4d"™ haplotype, and the GmRVE4d™
protein, encoded by the high-latitude-enriched GmRVE4d™ haplotype,
both bind to the GmPRR5a promoter and repress its transcription, with
GmRVE4d™ showing stronger repressive activity. Because GmPRRSa
promotes GmFT2a and GmFT5a expression and accelerates flowering
and maturity, stronger repression of GmPRRSa by GmRVE4d™ is asso-
ciated with delayed flowering and maturity. We further incorporated a
putative photoperiod-related module into the model, in which GmPRR5a
may promote GmCDF expression or activity, GmCDFs may repress
GmCOL components, and FT-repressive GmCOLs may negatively affect
GmFT2a and GmFTS5a expression. This provides a possible route by which
the GmRVE4d-GmPRR5a module may be connected to florigen transcript
output. Nevertheless, because the GmPRRSa-GmCDF-GmCOL-GmFT2a/
GmFT5a connections were not directly tested by molecular interaction,
DNA-binding or genetic epistasis assays in this study, we depicted these
relationships as putative expression-associated links. Overall, our find-
ings identified the GmRVE4d-GmPRR5a module as a clock-associated
regulatory node that links natural haplotype variation with soybean
flowering and maturity adaptation, providing a potential target for fine-
tuning maturity in region-specific molecular breeding.

Methods

Plant materials, growth conditions, and phenotyping

A panel of 257 accessions was selected from 14 consecutive maturity
groups (MG 0000-X), including 10 wild soybeans, 33 landraces and
214 cultivated soybeans. Soybean seeds were provided by the Ministry
of Agriculture and Rural Affairs Key Laboratory of Soybean Biology
(Beijing), ICS, CAAS. The 257-accession panel was grown under natural
daylength conditions in Beijing, China (40°23'N, 116°57’E), in 2020 and
2021, to evaluate maturity phenotypes.
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To evaluate the flowering and maturity phenotypes of Jack,
GmRVE4d transgenic lines, Gmrve4d mutants and GmprrSa mutants,
plants were grown under natural field conditions in Beijing and Xin-
xiang, Henan Province, China (35°10°N, 113°48’E) from June to October,
and in Sanya, Hainan Province, China (18°14'N, 109°13’E), from August
to October. Plants were also grown under controlled growth chamber
conditions: SD and LD. Each location-year combination was regarded
as an independent field environment, and the field environments were
named BJ2020, BJ2021, BJ2023, BJ2025, XX2023, XX2025, and SY2025.

Flowering time was recorded at the Rl stage, defined as the
number of days from emergence to the first one open flower at any
node on the main stem. Maturity was recorded at the R7 stage, defined
as the number of days from emergence to the stage at which one
normal pod on the main stem had reached its mature pod color*’. The
reproductive/vegetative growth period ratio (R/V) was used as an
indicator of maturity structure®.

Primers and accession numbers

All primers used in this study are listed in Supplementary Data 7. Gene
sequences can be obtained from the Phytozome database based on the
soybean reference genome Glycine max Wm82.a2.vl under the fol-
lowing accession numbers: GmRVE4d (Glyma.19G178000), GmPRR5a
(Glyma.19G260400), GmCDFI (Glyma.13G062500), GmCDF2 (Gly-
ma.05G025900), GmCOLla (Glyma.04G062400), GmCOLIb (Gly-
ma.06G063000), GmfT2a (Glyma.l6G150700) and GmFT5a
(Glyma.16G044100).

DNA extraction, sequencing, and SNP calling

Genomic DNA was extracted from each sample using the Plant Geno-
mic DNA Kit (TIANGEN, Beijing, China) according to the manu-
facturer’s instructions. DNA concentration and purity were assessed
using a NanoDrop spectrophotometer and Qubit fluorometer, and
DNA integrity was examined by agarose gel electrophoresis. Only high-
quality DNA samples were used for library construction. Genome
sequencing libraries were constructed using the DNA Library Prep Kit
(Vazyme, Nanjing, China) following the manufacturer’s protocol and
sequenced on the lllumina NovaSeq 6000 platform. Raw reads were
quality-filtered and trimmed using Trimmomatic with the following
parameters: ILLUMINACLIP:adaptor.sequence:2:30:10, TRAILING:3,
LEADING:3, SLIDINGWINDOW:4:10, MINLEN:20*., Clean reads were
then aligned to the soybean reference genome Glycine max
WmS82.a2.v1 using BWA v0.7.19 with default parameters®. SNP calling
and annotation were performed using SAMtools*, BCFtools,** and
SnpEff*,

SNP quality control was performed using VCFtools*. Only high-
quality biallelic SNPs were retained for downstream analyses. SNPs
with a missing rate >10%, QUAL <50.0, QD < 5.0, MQ <30.0 or minor
allele frequency (MAF) < 0.01 were removed. InDels and non-biallelic
variants were excluded. After quality control and MAF filtering,
2,757,937 high-quality SNPs were retained for genome-wide associa-
tion analysis. To generate an approximately independent marker set
for population structure analyses, linkage disequilibrium pruning was
performed using PLINK with the parameter --indep-pairwise 50 10 0.2,
corresponding to a sliding window of 50 SNPs, a step size of 10 SNPs
and a linkage disequilibrium threshold of r2=0.2". The linkage
disequilibrium-pruned SNP set was used for principal component
analysis, ADMIXTURE analysis and phylogenetic analysis.

Population structure and linkage disequilibrium analysis

Population structure was inferred using ADMIXTURE based on the
MAF-filtered SNP dataset. The number of ancestral populations, K, was
tested from 2 to 15 with cross-validation, and the optimal K value was
determined according to the lowest cross-validation error. High-
quality SNPs were used to construct a neighbor-joining tree with
SNPhylo software*®, and the resulting phylogenetic tree was visualized

using the online interactive tool iTOL (https://itol.embl.de). Principal
component analysis was performed using the princomp function in R*
and visualized with the Scatterplot3d package®®. Genome-wide SNP
distribution density was analyzed with the CMplot package in R.

Genome-wide linkage disequilibrium decay was estimated using
PopLDdecay®". Linkage disequilibrium decay was calculated separately
for wild soybeans, landraces, cultivated soybeans and the total popu-
lation using SNPs with MAF > 0.01. Pairwise linkage disequilibrium was
measured as the squared correlation coefficient r? between SNP pairs
within a maximum physical distance of 500 kb. Linkage disequilibrium
decay curves were plotted using the Plot_MultiPop.pl script imple-
mented in PopLDdecay. The linkage disequilibrium decay distance was
defined as the physical distance at which r* declined to half of its
maximum value®,

GWAS for maturity traits

GWAS for maturity traits was performed using GAPIT v3 with a mixed
linear model (MLM) (http://zzlab.net/GAPIT)®. The full set of 2,757,937
high-quality SNPs was used for association testing to retain genome-
wide marker information. To control for population structure and
relatedness among the 257 soybean accessions, the first three principal
components were included as fixed-effect covariates, and a genomic
relationship matrix calculated in GAPIT was incorporated as a random
effect. Manhattan plots and quantile-quantile plots were generated
using the qgman package in R®. Model fit was evaluated using
quantile-quantile plots and genomic inflation factors. The significant
association threshold was set as 1/n, where n represents the total
number of SNPs.

For the phenotypic data used in GWAS, two biological replicates
were evaluated per accession per trial, with five plants per replicate.
Individual plant values were averaged to obtain accession-level means,
which were used for association analysis.

XP-CLR, nucleotide diversity, Tajima’s D, and population dif-
ferentiation analyses

A genome-wide XP-CLR analysis was performed between wild soy-
beans and landraces®. XP-CLR scores were calculated using 100-kb
sliding windows with a 50-kb step size, an LD threshold of 0.95, and a
maximum of 500 SNPs per window. Genomic intervals with XP-CLR
scores in the top 5% of the genome-wide distribution were defined as
candidate regions under selection. The 200-kb haplotype block
encompassing the candidate gene on chromosome 19 (Chr19: 43,681-
43,881 kb; reference genome Wm82.a2.vl) was extracted from the
quality-filtered VCF file using VCFtools. Tajima’s D was calculated
separately for wild soybeans, landraces and cultivated soybeans using
non-overlapping 10-kb windows. m was estimated for each group using
a10-kb window and a 5-kb step size. Fst was calculated using the Weir
and Cockerham method implemented in VCFtools. Pairwise Fst was
estimated between wild soybeans and landraces and between land-
races and cultivated soybeans using 10-kb sliding windows with a 5-kb
step size.

Identification of candidate genes using a DL method

A DL tool DeepGOPlus®*’, was used to predict functions from amino
acid sequences with a prediction threshold of 0.3. The model consists
of an input layer, a convolutional layer, a pooling layer and a fully
connected layer. Input protein sequences were passed through a set of
convolutional neural network layers with different filter sizes, each
containing 512 filters to learn sequence features of a specific size. A
max-pooling layer was then used to extract the maximum feature
values from the representations acquired by each filter. This config-
uration generated an output containing 8192 convolutional filters as
sequence features. Finally, a sigmoid activation function combined
with a fully connected layer was used for prediction and classification.
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Haplotype and genetic diversity analysis

Haplotype analysis of SNPs and InDels within the exons of GmRVE4d
was performed using vcf2phylip v2.0%, The geographical distribution
patterns of haplotypes were analyzed using PopART v1.7. m and Fst
among wild soybean, landraces, and cultivated soybean populations
were calculated using VCFtools.

Sample collection, RNA isolation, and qRT-PCR analysis

To investigate the tissue-specific expression pattern of GmRVE4d,
samples were collected from various tissues, including root, hypoco-
tyl, cotyledon, stem, true leaf, trifoliolate leaf, growing point, flower,
pod, and seed at key developmental stages. To analyze the diurnal
expression pattern of GmRVE4d and candidate genes, Jack plants were
grown under SD and LD conditions in growth chambers for three
weeks. Fully expanded trifoliolate leaves were collected every 4 h over
a 48-h period under both photoperiod conditions. To compare tran-
script levels of GmRVE4d among Jack, GmRVE4d-OE lines and Gmrve4d
mutants, fully expanded trifoliolate leaves were harvested from 3-
week-old plants grown under SD conditions. For each biological
replicate, tissues from three individual plants were pooled, immedi-
ately frozen in liquid nitrogen and stored at -80°C until RNA
extraction.

Total RNA was extracted from all samples using the RNAprep Pure
Plant Kit (TIANGEN, Beijing, China) according to the manufacturer’s
instructions. RNA concentration and purity were determined using a
NanoDrop spectrophotometer, and RNA integrity was assessed by
agarose gel electrophoresis. Complementary DNA synthesis and
genomic DNA removal were performed with the FastKing RT Kit with
genomic DNA Eraser (TIANGEN, Beijing, China) using 1 pg of total RNA
per reaction according to the manufacturer’s protocol.

gRT-PCR was conducted on an ABI 7600 real-time PCR system
using 384-well optical plates and SYBR Premix Ex Taq Il Kit (Takara,
Shiga, Japan). Each reaction was performed in a final volume of 10 pL
containing 5 pL SYBR Premix, 1.2 puL diluted cDNA, 0.4 pM forward and
reverse primers, and nuclease-free water. The amplification program
was 95 °C for 30 s, followed by 40 cycles of 95 °C for 15 s and 60 °C for
30 s. A melting curve analysis was performed to confirm amplification
specificity. GmActin was used as the internal reference gene to nor-
malize the relative expression levels of target genes. Relative expres-
sion levels were calculated using the 2"-AACt method. All assays
included three biological replicates, with three technical replicates per
biological replicate.

Plasmid construction and plant transformation
For overexpression analysis, the CDS of GmRVE4d'” was amplified from
a soybean accession carrying GmRVE4d™ using KOD-One DNA Poly-
merase (TOYOBO Life Science, Osaka, Japan), with primers listed in
Supplementary data 7. PCR products were separated by 1.0% agarose
gel electrophoresis and purified using the V-ELUTE Gel Mini Purifica-
tion Kit (ZOMANBIO, Beijing, China). The purified PCR product was
ligated into the pGEM-T Easy vector (Promega Corporation, Madison,
WI, USA) and verified by Sanger sequencing. Positive clones with
confirmed inserts were then digested with the restriction endonu-
clease Xbal, and the target fragment was subcloned into the PTF101.1-
GmRVE4d-GFP expression vector driven by the CaMV 35S promoter.
Target sequence adapters for GmRVE4d and GmPRRSa were
designed using the CRISPR-P v2.0 web tool (http://crispr.hzau.edu.cn/
cgi-bin/CRISPR2/CRISPR)®’. Based on their genomic locations and GC
contents, one optimal target sequence per gene was selected and
integrated into a single guide DNA expression cassette, which was then
cloned into the CRISPR-Cas9 binary vector. All recombinant plasmids
were individually transformed into competent cells of Agrobacterium
tumefaciens strain EHA105 and subsequently introduced into the soy-
bean cultivar Jack using the cotyledon-node method”.

Subcellular localization

For the subcellular localization assay, the recombinant plasmid
PTF101.1-GmRVE4d-GFP was transformed into Agrobacterium tumefa-
ciens strain EHA105 and transiently expressed in the leaves of 6-week-
old Nicotiana benthamiana plants, as described previously”. Agro-
bacterium cells were resuspended in infiltration buffer containing
10 mM MgCl,, 10 mM MES, pH 5.6, and 150 pM acetosyringone to a
final ODggo of 0.6. The empty GFP vector was used as a control.
Fluorescence images were acquired 48 h after agroinfiltration using a
ZEISS LSM 700 laser scanning confocal microscope (Carl Zeiss, Ober-
kochen, Germany) with excitation and emission wavelengths of
488 nm and 509 nm, respectively, for GFP. The assay was repeated
independently three times.

Western blot

Total proteins were extracted from young soybean leaves by grinding
approximately 100 mg of fresh tissue in liquid nitrogen and homo-
genizing the powder in 500 L of ice-cold extraction buffer containing
50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10 mM MgCl,, 0.1% NP-40, 3 mM
DTT and 1mM PMSF. Lysates were incubated on ice for 30 min and
centrifuged at 12,000 x g for 15 min at 4 °C. Protein concentrations in
the supernatants were determined using the Bradford assay.

For immunoblot analysis, 30 pg of total protein per sample was
mixed with 5x protein loading buffer (ZOMANBIO, ZS306), boiled at
95°C for 10 min, separated by 10% SDS-PAGE and transferred onto
0.45 pm nitrocellulose membranes. Membranes were blocked in TBST
buffer containing 5% (w/v) non-fat milk for 1h at room temperature.
TBST contained 20 mM Tris-HCI, pH 7.5, 150 mM NaCl and 0.1% Tween-
20. Membranes were then incubated overnight at 4 °C with anti-GFP
antibody (TransGen Biotech, HT801; 1:2000). After washing three
times with TBST for 10 min each, membranes were incubated with
HRP-conjugated anti-mouse secondary antibody (TransGen Biotech,
HS201; 1:5000) for 1h at room temperature. Signals were detected
using an ECL substrate (Tanon, 180-506) and a Tanon 5200 chemilu-
minescence imaging system.

After GFP detection, membranes were stripped with 0.2 M gly-
cine-HCI, pH 2.5, for 1 h, re-blocked in TBST containing 5% non-fat milk
for 1h, and reprobed with anti-B-Actin antibody (TransGen Biotech,
HC201; 1:5000) for 1h at room temperature as the loading control.
After washing three times with TBST for 10 min each, membranes were
incubated with the same HRP-conjugated anti-mouse secondary anti-
body as described above for 1h at room temperature. Protein mole-
cular masses were estimated using the Solarbio Rainbow 180
Prestained Protein Marker. The immunoblot assay was independently
repeated three times with similar results.

RNA-seq and data analysis

To compare the transcriptomic profiles among Jack, GmRVE4d-OE
lines, and Gmrve4d CRISPR-Cas9 knockout mutants, soybean seedlings
were grown in growth chambers under SD conditions for 13 days. On
day 13 under SD conditions, fully expanded trifoliolate leaves were
harvested at the end of the dark period and immediately frozen in
liquid nitrogen. Three biological replicates were prepared for each
genotype. For each biological replicate, trifoliolate leaves from three
individual plants were pooled.

Total RNA was extracted using the RNAprep Pure Plant Kit
(TIANGEN, Beijing, China) according to the manufacturer’s instruc-
tions. RNA-seq libraries were prepared using an RNA-seq library pre-
paration kit (Vazyme, Nanjing, China) following the manufacturer’s
protocol and sequenced on the Illumina NovaSeq 6000 platform. Raw
sequencing reads were first assessed using FastQC v0.11.9, and adapter
sequences and low-quality bases were removed using Trimmomatic
v0.39. The resulting clean reads were aligned to the soybean reference
genome Glycine max Wm82.a2.vl using HISAT2 v2.2.1 with default
parameters. Gene-level read counts were generated using
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featureCounts v2.0.1 based on the corresponding Wm82.a2.vl genome
annotation. Differential expression analysis was performed in R using
DESeq2 v1.34.0. Raw read counts were normalized using the median-
of-ratios method implemented in DESeq2, and differential expression
was assessed using the Wald test. p values were adjusted for multiple
testing using the Benjamini-Hochberg procedure. Genes with a false
discovery rate (FDR)<0.05 and an absolute log,-transformed fold
change >1 were defined as differentially expressed genes. Overlaps
among differentially expressed gene sets were visualized using the
VennDiagram package in R.

DAP-Seq profiling and analysis

DAP-seq experiments were performed following a published
protocol’. Briefly, the coding sequence of GmRVE4d was fused in-
frame with the HaloTag sequence, and the GmRVE4d-HaloTag fusion
protein was expressed using an in vitro cell-free protein expression kit
according to the manufacturer’s instructions. After incubation at 25 °C
for 2h, the expression of the target fusion protein was verified by
Western blotting.

Genomic DNA was extracted from leaves of Jack cultivar and used
for DAP-seq library construction. DAP-seq libraries were prepared
using the MICH TLX DNA-Seq Kit (MICH, Baoding, China) according to
the manufacturer’s instructions and the published DAP-seq protocol.

The GmRVE4d-HaloTag fusion protein was incubated with the
constructed DNA library at 25 °C for 1 h. The GmRVE4d fusion protein
was then immobilized using HaloTag beads (Vazyme, Nanjing, China),
and unbound DNA fragments were removed by washing. GmRVE4d-
bound DNA fragments were recovered and subjected to PCR amplifi-
cation. Sequencing was performed using the Illlumina NovaSeq 6000
platform. Reads were mapped to the soybean reference genome
Wm82a2.vl using BWA v0.7.19. Peaks were identified using MACS2
callpeak with a g-value cutoff of 0.05, and reproducible peaks from two
biological replicates were merged using HOMER. Motif discovery was
performed using MEME-ChIP, and bound peaks were annotated using
ChIPseeker”.

Yeast one-hybrid assay

To verify the direct binding of GmRVE4d to the GmPRR5a promoter,
the CDSs of GmRVE4d"" and GmRVE4d™ were cloned separately into
the pB42AD activation domain vector, whereas a 2-kb upstream pro-
moter sequence of GmPRRS5a was inserted into the pLacZ2u reporter
vector. Primers used for fragment amplification are listed in Supple-
mentary Data 7. Recombinant plasmids were cotransformed into
competent cells of yeast strain EGY48 using the EX-Yeast Transfor-
mation Kit (ZOMANBIO, Beijing, China) according to the manu-
facturer’s instructions. Transformed yeast cells were first cultured on
SD/-Trp/-Ura selective medium at 30 °C for 3 days. Positive trans-
formants were then transferred to SD/Raf/Gal/~Trp/-Ura/X-Gal indi-
cator medium, and the binding activity of GmRVE4d to the GmPRR5a
promoter was evaluated by monitoring the development of blue yeast
colonies. The empty pB42AD vector cotransformed with the GmPRR5a
promoter reporter was used as the negative control. Each assay was
repeated independently three times.

Electrophoretic mobility shift assay

Electrophoretic mobility shift assays were performed using a chemi-
luminescent EMSA kit (Beyotime, Shanghai, China) according to the
manufacturer’s instructions. The MBP-GmRVE4d fusion protein was
expressed in Escherichia coli BL21 (DE3) cells and purified by amylose
resin affinity chromatography. Briefly, bacterial cultures were induced
with 0.5 mM IPTG at 20 °C overnight when the OD¢o0 reached 0.5-0.6.
Cells were harvested and lysed by sonication in ice-cold column buffer
containing 20 mM Tris-HCI, 200 mM NaCl, 1 mM EDTA and 1 mM DTT,
pH 7.4, supplemented with PMSF, lysozyme and protease inhibitors.
After centrifugation, the soluble fraction was loaded onto an amylose

resin column, washed with column buffer, and eluted with column
buffer containing 10 mM maltose according to the manufacturer’s
instructions. The purified MBP-GmRVE4d protein was verified by SDS-
PAGE, aliquoted and stored at —80 °C until use. Biotin-labeled and
unlabeled probes were synthesized by Sangon Biotech, and probe
sequences are listed in Supplementary Data 7. Purified MBP-GmRVE4d
protein was incubated with the biotin-labeled probe containing the
putative binding region. For competition assays, a 50-fold excess of
unlabeled wild-type probe was added before the labeled probe. An
unlabeled mutated probe was used as a negative competitor to test
binding specificity. The DNA-protein complexes were separated on a
4% native polyacrylamide gel in 0.5x TBE buffer at 4 °C and transferred
to a nylon membrane. After UV crosslinking, signals were detected
using streptavidin-HRP-mediated chemiluminescence.

Chromatin immunoprecipitation analysis

Soybean samples were collected from the third fully expanded trifo-
liolate leaves of 35Spro:GmRVE4d-GFP plants grown under SD condi-
tions. Chromatin immunoprecipitation followed by quantitative PCR
was performed as described previously’*. Samples were immediately
fixed in 1% formaldehyde on ice for 15 min under vacuum. Nuclei were
isolated, and chromatin was sonicated to shear DNA to an average size
of 250-500 bp. Soluble chromatin was immunoprecipitated with an
antibody against the GFP epitope (Proteintech, 50430-2-AP), with IgG
used as a negative control. The immunoprecipitated DNA was recov-
ered and analyzed by qPCR with three technical replicates. ChIP-qPCR
signals were first normalized to input DNA, and relative fold enrich-
ment was calculated as the enrichment of anti-GFP ChIP over the IgG
control. Three independent biological replicates were performed,
each with three technical replicates for qPCR. Primers used for
amplification are listed in Supplementary Data 7.

Dual-luciferase reporter assay

To construct the effector vector, the CDSs of GmRVE4d™ and
GmRVE4d™ were cloned separately into the pGreenll 62-SK vector. The
empty pGreenll 62-SK vector was used as the negative effector control.
For reporter plasmid construction, a 2-kb upstream promoter
sequence of GmPRR5a was amplified and cloned into the pGreenll
0800-LUC vector.

These plasmids were cotransformed into competent cells of
Agrobacterium tumefaciens strain GV3101 carrying pSoup-P19. Agro-
bacterium cultures were resuspended in infiltration buffer containing
10 mM MgCl,, 10 mM MES, pH 5.6, and 150 pM acetosyringone to a
final ODgo Of 0.6. Effector and reporter strains were mixed at a ratio of
111 and infiltrated into leaves of 6-week-old Nicotiana benthamiana
plants. Leaf samples were collected 48 h after infiltration.

Firefly luciferase (LUC) and Renilla luciferase (REN) activities were
quantified using the Dual-Glo Luciferase Reporter Gene Assay Kit
(YEASEN Biotechnology, Shanghai, China) according to the manu-
facturer’s instructions using a GloMax 20/20 luminometer. The relative
activity of the GmPRRSa promoter was determined as the LUC/REN
ratio. Three biological replicates were performed for each assay.

Statistical analysis
For phenotypic evaluation of the 257-accession panel used for GWAS,
two biological replicates were evaluated for each accession in each
environment, with five plants per replicate. For phenotypic evaluation
of transgenic and mutant materials under different photoperiod con-
ditions, 25 individual plants per genotype were analyzed in 2023, and 8
individual plants per genotype were analyzed in 2025. For qRT-PCR-
based expression analyses, samples were prepared by pooling tissues
from three individual plants per biological replicate, and three tech-
nical replicates were performed for each qRT-PCR reaction.
Statistical analysis of mean values was performed using one-way
analysis of variance (ANOVA) for multiple-group comparisons or two-
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tailed Student’s ¢ tests for pairwise comparisons, as appropriate. All
statistical analyses were conducted using SPSS software v.23 (IBM,
Armonk, NY, USA), with p<0.05 considered statistically significant.
Details of statistical tests and significance levels are indicated in the
relevant figure legends. Exact sample sizes are provided in the figure
legends.

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

Data availability

The raw sequencing data generated in this study, including whole-
genome sequencing, RNA-seq, and DAP-seq data, have been deposited
in the NCBI Sequence Read Archive (SRA) under BioProject accession
number PRJNA1114037. The Glycine max Wm82.a2.vl reference gen-
ome was obtained from Phytozome (https://phytozome-next.jgi.doe.
gov/info/Gmax_ Wm82_a2_vl1). All other data supporting the findings of
this study are available within the article and its supplementary
information files. Source data are provided with this paper.
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