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dephosphorylation and accumulation of phytochrome-interacting
factors (PIFs), and ultimately inducing premature leaf senescence16–18.
In Arabidopsis thaliana, the absence of the PIF genes significantly
delayed leaf senescence, whereas overexpression of PIF genes accel-
erated both age-dependent and dark-induced senescence19. PIFs also
function in the signaling pathways of the senescence-promoting hor-
mones, including ethylene and abscisic acid, by directly activating the
expression of ETHYLENE-INSENSITIVE 3 (EIN3), ENHANCED EM LEVEL
(EEL), and ABA INSENSITIVE 5 (ABI5)20. These genes directly activate the
expression of the major senescence-promoting NAC transcription
factor (TF) ORESARA1 and chlorophyll degradation regulatory gene
NON-YELLOWING1 (NYE1), and repress the chloroplast activity main-
tainer gene GOLDEN 2-LIKE2 (GLK2) by binding to their promoter
regions21,22.

Phytohormones are the most critical endogenous components
known to control the progression of leaf senescence in plants1,6,23.
Among them, cytokinin and auxin inhibit leaf senescence, while ethy-
lene, salicylic acid (SA), abscisic acid (ABA), and jasmonate (JA) accel-
erate its aging24–27. However, the role of gibberellin (GA) in leaf
senescence is uncertain. GA is vital formany developmental processes
in plants, such as seed germination, stem elongation, and floral
transition28. GA signaling is detected and transduced by the GA-GID1
(GIBBERELLIN INSENSITIVE DWARF1)-DELLA regulatory module.
DELLA proteins, includingGA INSENSITIVE (GAI), REPRESSOROF ga1-3
(RGA), RGA-LIKE 1 (RGL1), RGL2, and RGL3, are negative regulators of
GA signaling andhavedistinct andoverlapping roles inArabidopsis29–31.
Studies have demonstrated that DELLA protein RGA interacts with
WRKY6 and negatively regulates dark-induced leaf senescence and
chlorophyll degradation32,33. RGL1 also functions as a negative reg-
ulator of leaf senescence, repressing the transcriptional activation
activity of WRKY45 on several senescence-associated genes (SAGs),
including SAG12, SAG13, SAG113, and SEN434. However, the role of
DELLA proteins in regulating leaf senescence in other species and
whether DELLA proteins are involved in regulating light-mediated leaf
senescence remain unknown.

Studies have established the roles of WRKY transcription factors
(TFs) in regulating biotic and abiotic stress responses, as well as mul-
tiple developmental and physiological processes35–37. In Arabidopsis,
WRKYs have been identified as important regulators of leaf senes-
cence. For example, WRKY6 is known to positively regulate leaf
senescence by specifically activating the expression of senescence-
induced receptor-like kinase (SIRK) gene38. Meanwhile, WRKY75 has
been shown to accelerate the progression of leaf senescence by pro-
moting the transcription of SA INDUCTION-DEFICIENT2 (SID2) to
increase SA content and inhibiting the transcription of CATALASE2
(CAT2) to reduce H2O2 scavenging

39. WRKY28 also plays a role in high
R:FR-induced leaf senescence. FHY3, the key regulator of the phyto-
chrome A-mediated signaling pathway, directly binds to the promoter
region of WRKY28 to suppress its expression under high R:FR light
conditions, thereby negatively regulating SA biosynthesis and leaf
senescence40.

In contrast to the well-documented mechanism of low R:FR-
induced leaf senescence in the model plant Arabidopsis, the physio-
logical process of LBL-induced leaf senescence remains poorly
understood. CRYs, as the primary blue-light receptors play essential
roles in photomorphogenesis and photoperiodic flowering8,41,42,
appear to have no apparent influence on leaf senescence in
Arabidopsis21. A study on soybean revealed that GmCRY2a negatively
regulates leaf senescence by interacting with the basic helix-loop-helix
transcriptional factor GmCIB1 (cryptochrome-interacting bHLH1) and
inhibiting its transcriptional activity on SAGs43. Additionally, LBL
induces obvious SAS including exaggerated stem elongation in
soybean44, suggesting that soybean may be a suitable organism to
study the mechanisms of LBL-induced leaf senescence in plants.

In this study, we demonstrate that LBL can induce clear leaf
senescence in soybean. We find that, under normal light condi-
tions, GmCRY1s interact with and stabilize the DELLA proteins





GmCRY1b interacts with DELLA proteins RGAa and RGAb in
response to blue light
Toelucidate themolecularmechanismviawhichGmCRY1s repress leaf
senescence, we used a yeast two-hybrid (Y2H) system to identify its
potential interaction partners. Considering the strong autoactivation
ability of GmCRY1b, the C-terminal truncated form of GmCRY1b
(GmCCT1b-33aa) was fused with the BD domain of the pBridge vector
to obtain the bait for yeast hybrid screening (Fig. 2a). The yeast cells
harboring the bait were transformed with a library of prey protein-
encoding cDNAs fused to GAL4-AD. The screening discovered eight
putative interacting partners of GmCRY1b (Supplementary Data 2),
including a DELLA protein GmRGAa (Glyma.05G140400), which has a
paralogous protein GmRGAb (Glyma.08G095800, with 95.4% similar-
ity to GmRGAa) in soybean (Supplementary Fig. 9). Further, the open
reading frames (ORF) of GmRGAa andGmRGAb in soybean were fused
to the AD domain of the pGADT7 vector and used for further inter-
action experiments with various truncated versions of GmCRY1b. The
bait and prey vectors were co-transformed into yeast, and the protein-
protein interactions were reconstructed. The two-hybrid screening
demonstrated that a region of 33 amino acids (451-483) in the middle
part of GmCRY1b is essential to interact with the DELLA proteins
physically (Fig. 2b, c, and Supplementary Fig. 10). To determine the
motif of DELLA protein that interacts with GmCRY1b, we used trun-
cated forms of GmRGAa (N-terminal and C-terminal) for Y2H experi-
ments. Our results showed that the N-terminal truncated form of
GmRGAa caused strong auto-activation in yeast, whereas the
C-terminal truncated form of GmRGAa physically interacted with
GmCRY1b, as shown in Supplementary Fig. 11.

We further investigated the interaction between GmCRY1b and
DELLA proteins in plant cells by infiltrating Agrobacterium expressing
indicated proteins into soybean leaves48. The results revealed that
GmCRY1b interacted with GmRGAa and GmRGAb in a blue light-
dependent manner, as evidenced by the co-immunoprecipitation (Co-
IP) assay (Fig. 2d). This blue light-dependent interaction between
GmCRY1b and DELLA proteins was further corroborated using the
bimolecular fluorescence complementation (BiFC) assay in soybean
mesophyll protoplasts (Fig. 2e, Supplementary Fig. 12), and a split-LUC
assay in Nicotiana benthamiana leaves (Supplementary Fig. 13), with
the interaction being abrogated under LBL conditions. The BiFC sig-
nals were observed mainly in the nucleus, which is consistent with the
subcellular localization results that showed GmCRY1b occupies the
same location as DELLA proteins in the nucleus (Supplementary
Fig. 14), suggesting a function of the GmCRY1b-GmDELLA complex in
the nucleus.

Photoactivated GmCRY1b inhibits the degradation of RGAa
and RGAb
Based on the knowledge that DELLA proteins act as central repressors
in gibberellin (GA) signaling pathway31, we tested if GA acts as a
senescence-associated hormone in soybean. We conducted experi-
ments using GA3 or PAC (paclobutrazol) treatment on seedlings, and
our results showed that GA3 accelerated leaf senescence, while PAC

delayed it, with higher chlorophyll content and lower senescence
index (Supplementary Fig. 15). Furthermore, overexpression of
GmGA2ox-7a, which deactivates bioactive GAs44, also show delayed
senescence (Supplementary Fig. 16), indicating that GA is a
senescence-promoting hormone in soybean.

We then investigated the role of GmCRY1s in GA-mediated leaf
senescence and found that GA could induce significant senescence in
Gmcry1s-qm mutant (Supplementary Fig. 17), suggesting that GmCRY1s
inhibit GA-mediated leaf senescence in soybean. Given that GA pro-
motes the degradation ofDELLAproteins, we hypothesized that binding
of GmCRY1b to DELLA proteins could impede access of the GA receptor
GID1 to DELLA proteins, thus interfering with DELLA degradation. To
test this possibility, we used the RICE system to compare the protein
levels of GmRGAa and GmRGAb in the Gmcry1s-qm mutant, GmCRY1b-
OE line andwild type under continuous light or after LBL treatment. The
immunoblot results revealed that GmRGAa andGmRGAbproteins in the
wild-type callus were gradually reduced under LBL conditions at 3, 5,
and 8h, while the proteins remained constant under continuous white
light (Supplementary Fig. 18). Consistent with the results observed in
soybean hairy root callus, GmRGAb protein also showed a similar
reduction in response to LBL in the Flag-GmRGAb-1 stable transgenic
line (Fig. 2f, g). Moreover, the GmRGAa and GmRGAb protein levels
were significantly lower in the Gmcry1s-qmmutant but markedly higher
in the GmCRY1b overexpressing line in comparison to the wild type
(Fig. 2h–j). These results demonstrate that GmCRY1b stabilizes GmRGAa
and GmRGAb in a blue light-dependent manner and releases the
degradation of GmRGAa and GmRGAb in response to LBL.

GmRGAa and GmRGAb negatively regulate LBL-induced leaf
senescence
To determine the roles of DELLA proteins in regulating soybean leaf
senescence, we knocked out the GmRGAa and GmRGAb genes using
CRISPR-Cas9 technology. Multiple mutants were identified for each
gene, including Gmrgaa-1, Gmrgab-1, and Gmrgab-2 (Supplementary
Fig. 19) withmutations creating premature stop codons in the targeted
genes (Supplementary Fig. 20). We then crossed Gmrgaa-1 with
Gmrgab-1 to obtain the Gmrgaa Gmrgab double (Gmrgas-dm) mutant.
Although the Gmrgaa-1, Gmrgab-1, and Gmrgab-2 single mutants did
not exhibit an obvious senescence phenotype, the Gmrgas-dmmutant
displayed a significantly precocious leaf senescence with lower chlor-
ophyll content, higher cotyledon and leaf senescence index, and
higher expression levels of SAGs compared to the wild type (Supple-
mentary Fig. 21). Additionally, two GmRGAb overexpression lines
(GmRGAb-OE-1 and GmRGAb-OE-2) harboring the GmRGAb coding
sequence driven by the 35S promoter were generated (Supplementary
Fig. 22). Compared to the wild type, the Gmrgas-dmmutant presented
premature leaf senescence, while the GmRGAb-OE lines showed
delayed leaf senescence under natural field conditions (Supplemen-
tary Fig. 23), indicating that GmRGAa andGmRGAbplay a negative role
in leaf senescence. We further analyzed the agronomic traits of
transgenic lines lacking or overexpressing GmRGAs at the R8 stage
under naturalfield conditions. Our results demonstrated that themain

Fig. 1 | Phenotypic analysis of LBL-induced leaf senescence in the wild-type TL1
and Gmcrymutants. a Experimental scheme for LBL treatment. For a pair of uni-
foliate leaves, one was covered with two layers of yellow filter to imitate the LBL
condition, and the other one was covered with two layers of transparent filters as
the control. White and yellow arrows indicate the transparent and yellow filters,
respectively. b Leaf senescence phenotypes of wild-type TL1 cultivar induced by
LBL treatment. Seedlings were de-etiolated under continuous white light for 10
days, then a pair of unifoliate leaves were treated with different light regimes (LBL
orWL) for 14 days as in (a). Scale bar, 5 cm. cChlorophyll content in the leaves as in
(b). Values aremeans ± SD (n = 5 biological replicates).dRelative transcript levels of
senescence-associated genesGmSAG12,GmSAG13, andGmSAG113 in the leaves as in

(b). Values aremeans ± SD (n = 3 biological replicates). TheGmActin gene was used
as the internal control. e Leaf senescence phenotypes of indicated lines treated by
WL and LBL as in (b). Scale bar, 3 cm. f Chlorophyll content in the leaves as in (e).
The percentage decrease in chlorophyll content under WL compared to LBL is
indicated by the values above the respective p values. Values are means ± SD (n = 5
biological replicates). g Relative transcript levels of senescence-associated genes in
the indicated lines in response to LBL treatment as in (b). The unifoliate leaves were
collected for RT-qPCR analysis. Values are means ± SD (n = 3 biological replicates).
The GmActin gene was used as the internal control. All above P values were cal-
culatedby unpaired two-tailed t-test. Source data are provided as a SourceDatafile.
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yield traits, such as node number, branch number, and total grain
weight per plant, did not exhibit any significant change among each
line (Supplementary Fig. 24).

To investigate the role of GmRGAa and GmRGAb in LBL-induced
leaf senescence, we grew Gmrgaa-1, Gmrgab-1 and Gmrgas-dm seed-
lings for LBL treatment (Supplementary Fig. 25a). Phenotypic analysis
revealed that the reduction in chlorophyll content induced by LBL was
gradually reduced in the Gmrgaa-1, Gmrgab-1, and Gmrgas-dm
mutants compared to the wild type (Supplementary Fig. 25b). This,
coupled with the fact that LBL promotes the degradation of GmRGAa



genes (DEGs) among thewild type,Gmcry1s-qm andGmCRY1b-OE lines.
We previously identified 3055 and 638DEGs in theGmcry1s-qmmutant
and the GmCRY1b-OE line, respectively, compared to the wild type44.
Among these, 249 genes exhibited opposite expression patterns in the
Gmcry1s-qmmutant and GmCRY1b-OE line compared to wild type. We
identified 14 senescence-related genes encoding WRKY TFs, MYB TFs,
SEN4, cysteine protease, and B-BOX domain proteins that might

regulate leaf senescence in soybean (Supplementary Data 3). Among
these, Glyma.06G168400, encoding a typical WRKY TF named
GmWRKY100 in a previous study49 (Supplementary Fig. 27a), exhibited
significantly down-regulated expression in the GmCRY1b-OE line and
up-regulated expression in the Gmcry1s-qm mutant (Fig. 4a, b), sug-
gesting that GmWRKY100 may play a role in GmCRY1s-mediated reg-
ulation of leaf senescence.



The transcriptional level of GmWRKY100 was observed to
increase in association with the onset of leaf senescence (Fig. 4c),
suggesting that GmWRKY100 promotes leaf senescence in soybean.
Notably, the expression levels ofGmCRY1b,GmRGAa andGmRGAb also
increased as leaf senescence progressed (Supplementary Fig. 28),
suggesting the existence of negative feedback regulation among
GmCRY1s, DELLAs, and GmWRKY100 in the process of leaf senes-
cence. To test this, we generated GmWRKY100 knockout mutants
using the CRISPR/Cas9-engineered genome-editing approach. We
identified two independentmutants, Gmwrky100-1 andGmwrky100-7,
with 2 bp and 5 bp deletions, respectively, which caused frame-shift
mutations and premature stop codons (Supplementary Fig. 27b, c).
Compared with the wild type, these mutants showed delayed leaf
senescence under green-house and natural field conditions (Fig. 4d,
Supplementary Fig. 29), with slower chlorophyll degradation (Fig. 4e),
lower cotyledon and leaf senescence index (Supplementary Fig. 30),
and lower expression levels of GmSAG12 (Fig. 4f). LBL treatment sig-
nificantly induced the expression of GmWRKY100, whereas its
expression remained constant under continuous white light (Supple-
mentary Fig. 31). To determine the function of GmWRKY100 in LBL-
induced leaf senescence, we grew wild-type plants and Gmwrky100
mutants under WL and LBL conditions, respectively. Phenotypic ana-
lysis revealed a reduced LBL-induced leaf senescence in the
Gmwrky100 mutant compared to the wild type (Fig. 4g, Supplemen-
tary Fig. 32). The statistical analysis of two-way ANOVA indicated a
significant interaction between genotypes and light treatments in
terms of chlorophyll content and senescence marker gene GmSAG13
(Fig. 4h, i). These results suggest that the GmWRKY100 gene plays a
significant role in LBL-induced leaf senescence.

LBL releases the inhibitory effect of DELLA proteins on
GmWRKY100 transcription
Given the fact thatGmRGAa and GmRGAb delay leaf senescence, while
GmWRKY100 promotes it, we surmise that GmWRKY100 transcription
may be negatively regulated by GmRGAa and GmRGAb. This is sup-
ported by the observation that the mRNA level of GmWRKY100 was
upregulated bymore than 20-fold inGmrgas-dm
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(Glyma.11G144900), GmSAG13 (Glyma.12G059200), GmSAG113 (Gly-
ma.14G066400), GmGA2ox7a (Glyma.20G141200), and GmActin
(Glyma.18G290800).

To construct the overexpression plant transformation vectors,
the coding DNA sequence (CDS) of each indicated gene was amplified
by PCR using cDNA derived from young leaves of Williams 82 seed-
lings, cloned into the gateway entry vector pDONR-Zeo by BP reaction,
and then further cloned into the destination binary overexpression
vector pEarleyGate101 or pEarleyGate104 by LR reaction using the
Gateway recombination system (Invitrogen) following the manu-
facturer’s instructions61. To generate the CRISPR-Cas9-engineered
mutants, gRNAs were designed using the web tool CRISPRdirect
(http://crispr.dbcls.jp/)62. The efficiency of each candidate gRNA was
estimated using the soybean hairy root system63, and efficient candi-
dateswere selected for soybean transformation. The above expression
plasmids were individually introduced into Agrobacterium tumefaciens
strain EHA105 via electroporation and then transformed into wild-type
soybean (Tian-Long 1) by agrobacterium-mediated cotyledonary node
transformation system64. Briefly, healthy seeds were selected and
sterilized by chlorine for 18 h, then soaked into sterilized water over-
night for imbibition. The seed coat was gently removed, and the
swelled seeds were cut in half. The cotyledon explants were gently
scratched at the cotyledon node andwere immersed in Agrobacterium
(EHA105) which harbors expression vectors for 30min for infection.
The infected explants were transferred to the co-culturedmedium and
subjected to dark conditions for three days at 25 °C. After 3 days of co-
culture, the explants were washed with sterilized water supplemented
with 50mg/L timentin, 50mg/L vancomycin, and 100mg/L cefotaxime
to remove the bacteria on the surface, then transferred to the shoot
initiationmediumwith the hypocotyl embedded in themedium under
a 12 h light/12 h dark photoperiod at 26 °C, and subcultured once for
10 days to fresh medium with three repetitions. The explants with
tufted shoots were then transferred to shoot elongation medium and
subcultured once for 10 days to fresh medium with three repetitions.
The elongated shoots were cut andmoved to the rootingmedium. The
shoot initiation medium and shoot elongation medium contain phos-
phinothricin (5mg/L) to screen positive transgenic shoots.

Total RNA isolation and gene expression analysis
Tomeasure the expression of senescence-associated genes during leaf
senescence, leaves of the indicated genotypes were flash-frozen in
liquid nitrogen. Total RNA was extracted using TRIzol reagent (Invi-
trogen). The cDNA was synthesized from 2 µg of total RNA using
Oligo(dT)18 primer with TransScript II One-Step gDNA Removal and
cDNA Synthesis SuperMix (TransGen). Real-time PCR instrument
qTOWER 3G (analytikjena) was used for the quantitative PCR reaction
following the manufacturer’s instructions. Briefly, the cDNA was dilu-
ted 10-fold, and 5 µL of diluted cDNA was used as the template and
amplifiedwith TaqProUniversal SYBRqPCRMasterMix (Vazyme)with
specific primer sets (Supplementary Data 1) in a 20 µL quantitative PCR
reaction, which was pre-denatured at 95 °C for 5min, followed by a 40-
cycle program (95 °C, 10 s; 60 °C, 20 s; 72 °C, 30 s per cycle). The
soybean GmActin gene (Glyma.18G290800) was used as an internal
control. The quantitative PCR results shown are the average (±SD) of
three biological repeats. Primers used in the present study were listed
in Supplementary Data 1.

Western blot
To analyze the protein expression in transgenic plants and fairy root
calluses, total proteins of Tian-Long 1, and the indicated transgenic
plants were extracted with protein extraction buffer (50mM Tris-HCl
pH 7.5, 150mMNaCl, 5mMEDTA, 0.1% Triton X-100, 0.2%NP-40,1mM
PMSF and 1 tablet/50mL of protease inhibitor cocktail). The homo-
genate was clarified by centrifugation at 14,000g for 15min at 4 °C,
and aliquots of the supernatant were combined with 4×SDS sample

loading buffer and heated at 99 °C for 8min to denature the protein.
The antibody anti-FLAG (M20008L) and anti-GFP antibody (598) were
obtained from Abmart and MBL, respectively.

Transient dual-luciferase reporter system
A 2.24-kb promoter sequence of GmWRKY100 was amplified from
soybean Williams 82 genomic DNA and inserted into the pGreenII
0800-LUC vector to control the luciferase (LUC) gene, which was used
as reporter plasmids. The renilla luciferase (REN) gene under the
control of the 35S promoter in the pGreenII 0800-LUCvectorwasused
as an internal control65. The coding sequence of GmCRY1b, GmRGAa,
GmRGAb, and GUS were amplified by PCR, inserted into the 0641-
3×Flag vector, and used as an effector plasmid. 0641-GUS-3×Flag vec-
tor was set as negative effector control. Soybean mesophyll proto-
plasts were prepared, transfected, and cultured as described
previously66. The ratio of LUC to REN was determined for the dual-
luciferase reporter system (Promega, United States) on Centro XS3 LB
960 after culturing the protoplasts under normal white light or LBL
conditions for 4 h. Transcriptional activity of the GmWRKY100 pro-
moterwas calculated as LUC to REN ratio of three biological replicates.

Measurement of chlorophyll content
The measurement of chlorophyll content was performed as described
previously43. Briefly, 0.2 g of fresh sample of each indicated plant was
frozen in liquid nitrogen, ground to powder, mixed thoroughly with
20mL of 80% acetone, and stored at −20 °C for 1 h in the dark. Then
the sample was centrifuged at 12,800 g for 3min and 1mL of super-
natants was measured for absorbance at 663 nm and 645 nm. Chlor-
ophyll concentrations were calculated using the following formulas:

Concentrationof total chlorophyll = ð20:2A645 + 8:02A663Þmg=g

For the measurement of chlorophyll content in living plants, the
SPAD value was scored using a SPAD meter (SPAD-502, Minolta Cam-
era Co., Osaka, Japan) as previously described67.

Yeast two-hybrid assay
The yeast two-hybrid assay was performed as previously described68.
In brief, the various truncated versions of GmCRY1b, and the full-
length coding sequence (CDS) of DELLA proteins GmRGAa and
GmRGAbwere cloned into the bait vector pBridge and the prey vector
pGADT7, respectively. The plasmids were transformed into the yeast
strain AH109 (Clontech), and the yeast cells were grown on a minimal
medium SD/-Leu-Trp according to the manufacturer’s instructions
(Clontech). Positive clones were selected on SD/-Ade-His-Leu-Trp
selection medium containing 1mM 3-AT (3-amino-1,2,4-triazole).
Quantitation of β-galactosidase (β-gal) activity was determined as
described by the manufacturer (Clontech).

Root-induced callus expression system (RICE)
The 3×Flag-GmRGAa and 3×Flag-GmRGAb plasmids were introduced
into Agrobacterium tumefaciens strain K599 via electroporation, which
further infected the young seedlingsofWT,Gmcry1s-qm, andGmCRY1b
overexpressing line at the hypocotyl region to induce transgenic hairy
roots according to previous methods with minor changes69. The
positive transgenic hairy roots were screened in the callus induction
medium (2.22 g/L Murashige & Skoog Basal Medium with Vitamins,
0.59 g/L MES monohydrate, 30 g/L sucrose, 1mg/L 2, 4-D, 0.1mg/L 6-
BA, 0.1 g/L Timentin) contains 5mg/L phosphinothricin (PPT). The
positive transgenic calluses were cultured in the callus induction
medium for 20 days under long-day (16 h of light /8 h of dark) condi-
tions. These transgenic calluses lines were further confirmed by RT-
qPCR and immunoblot analysis. Three independent hairy root calluses
lines of each indicated genotype were used for transcriptional analysis
and identification of protein levels.
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