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Abstract

Heading date is a key agronomic trait that affects crop yield and regional adaptability. In this
study, we identified a rice (Oryza sativa) early heading mutant and cloned the causal heading
inhibitor gene EARLY HEADING AT LONG DAY 4 (ELD4) using the MutMap method. The eld4
CRISPR mutants and ELD4 RNAI plants flowered earlier than the wild type under natural long-
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day (NLD) conditions. ELD4 is a zinc finger transcription factor that localizes in the nucleus.
Biochemical and genetic evidence suggests that ELD4 physically interacts with the pseudo-
response regulator (PRR) protein OsPRR95. The Osprr95 mutant also exhibits an earlier heading
phenotype under NLD. ELD4 and OsPRR95 co-regulate heading date by directly binding to the
promoter and the first intron of OsMADSS5 1, which promotes heading date. Moreover,
electrophoretic mobility shift and luciferase complementation assays showed that ELD4
enhances OsPRR95 binding to the first intron of OsMADS51. These results suggest that the
ELD4-OsPRR95 module directly represses OsMADS51 in regulating flowering time. Haplotype
analysis reveals that OsPRR95 haplotype 3, which is geographically distributed in the north,
exhibits a shorter heading date than haplotype 1 found in the south. This indicates-that selection
at the OsPRR95 locus has enhanced the regional adaptability of rice.

Introduction

Rice, a facultative short-day plant, exhibits earlier flowering under short-day (SD) conditions
and delayed flowering under long-day (LD) conditions (Zhang et al. 2019). Flowering is an
important event in the whole life of plants. Appropriate flowering time is a crucial process in
determining plant production. The heading date is an important agronomic trait, which
determines crop yield and regional adaptability (Xu et al. 2022; Wang et al. 2019; Cai et al.
2021). The flowering of plants is.a complex and delicate process, influenced by various internal
and external factors such as temperature, photoperiod, and hormones, among which the

photoperiod is the most significant factor and also the most extensively studied (Zhang et al.

2019; Song et al. 2013).

The photoperiod regulation of rice heading date mainly includes two relatively conserved
pathways. One is.the OsGI (GIGANTEA)-Hd1 (Heading date 1) -Hd3a (Heading date 3a)
pathway. In which OsGI integrates signals and regulates the Hd/ gene (Yano et al. 2000), the
homologous gene of Arabidopsis CONSTANS (CO). Hd1 acts as a flowering promoter under SD
conditions by enhancing the expression of the florigen gene Hd3a, while it functions as a
flowering inhibitor under LD conditions by suppressing the expression of RFT1 (Yano et al.
2000; Kojima et al. 2002; Hayama et al. 2003; Tamaki et al. 2007). In addition to the conserved
pathways, rice has a unique photoperiodic pathway for controlling flowering: the Ehdl (Early
heading date 1)-RFT1 (RICE FLOWERING LOCUS T1)/Hd3a pathway. EhdI is an important

integrator of heading date regulatory network in rice, encoding a B-type response regulator
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protein that includes a GARP domain, which is crucial for its DNA-binding ability (Doi et al.
2004). Ehd1 promotes rice flowering by inducing the expression of RFT1 and Hd3a
independently of Hdl under SD conditions, while Ehdl can also promote rice flowering even
when Hd 1 inhibits the heading under LD conditions (Doi et al. 2004). Many regulators of Ehd1
have been identified which include Ghd7 (Grain number, plant height and heading date 7). (Xue
et al. 2008), DTHS (Days to heading 8) (Yan et al. 2011), OsPRR37 (Oryza sativa Pseudo-
Response Regulator 37) (Koo et al. 2013) and OsMADS51 (Kim et al. 2007).etc. OsMADS51, an
upstream regulator of EAdl, is a key promoter of heading date (Kim et al. 2007). Previous
studies have demonstrated that OsMADS51 is the functional gene underlying gHd1 (Chen et al.
2018). The presence or absence of a 9.5-kb insertion in the first intron'of OsMADS51 has been
shown to regulate the thermosensitive-mediated heading date inrice((Chen et al. 2018). Above
studies suggest that OsMADSS5 1 is an important gene mediating rice heading date. However, the
direct upstream regulator of OsMADS5 1 has not yet been reported. BBX (B-Box) is a subfamily
of the zinc finger protein family, which contains one.or two highly conserved B-Box domains at
N-terminus of the amino acid sequences that can bind to zinc ions and participate in protein-
protein interactions (Klug et al. 1995). And-Some BBX proteins also include the CCT domain
(Khanna et al. 2009). BBX proteins are divided into five types based on the number of B-Box
domains and the presence or absence of the CCT domain (Klug et al. 1995; Huang et al. 2012).
In addition to the B-Box and CCT domains, some BBX proteins have a six-amino acid sequence
composed of valine and proline located approximately 16 to 20 amino acid residues upstream of
their CCT domain (Gangappa et al. 2014; Datta et al. 2006; Holm et al. 2001). BBX proteins are
widely present in.€ukaryotic organisms. There are 32 BBX proteins in Arabidopsis (Khanna et al.
2009) and 30 BBX proteins in rice (Huang et al. 2012). These BBX proteins in plants have been
reported to play important roles in photomorphogenesis, stress response and hormone signal
transduction. BBX4, BBX20, BBX21, BBX22, BBX24, BBX25, BBX32 play a crucial role in
regulating hypocotyl elongation in Arabidopsis (Datta et al. 2006; Fan et al. 2012; Datta et al.
2007; Datta et al. 2008; Gangappa et al. 2013; Holtan et al. 2011; Kumagai et al. 2008). BBX18
and BBX19 are involved in the regulation of de-etiolation in Arabidopsis seedlings (Khanna et al.
2006). BBX proteins also participate in the regulation of plant stress responses, including high

temperature, low temperature, and salt stress, such as BBX18 being involved in the regulation of
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Arabidopsis tolerance to high temperature (Wang et al. 2013); BBX24 is involved in the
regulation of Arabidopsis salt stress tolerance (Nagaoka et al. 2003).

The Pseudo-Response Regulator (PRR) family proteins, including TOC1 (also known as
PRR1), PRR3, PRRS, PRR7, and PRRY in Arabidopsis, are core components of the circadian
clock (Matsushika et al. 2000; Nakamichi et al. 2010). PRRs contain Pseudo Receiver (PR) and
CCT motifs (Nakamichi et al. 2010). They are typically reported as transcriptional repressors
involved in regulating the circadian clock and flowering time (Nakamichi et al. 2010; Li et al.
2021; Nakamichi et al. 2005; Fornara et al. 2009; Yang et al. 2021). In-addition, PRR proteins
also play crucial roles in regulating the flowering of many crops, such as Ppd-HI in barley, Ppd-
Dla and TaPRR95 in wheat, GmPRR37 in soybean and PRR37 in sorghum (Turner et al. 2005;
Beales et al. 2007; Fu et al. 2024; Wang et al. 2020; Murphy et al. 2011). There are five PRR
members in rice: OsPRRI, OsPRR37, OsPRR59, OsPRR73, and" OsPRR95 (Murakami et al.
2007). OsPRR37/DTH7 regulates heading in response to photoperiod and contributes to the
regional adaptation in rice (Koo et al. 2013; Gao et.al. 2014; Liu et al. 2018; Hu et al. 2021),
while OsPRR59 inhibits flowering time by repressing expression of Ehd3 (Wang et al. 2022). In
rice, OsPRR9Y5 has been documented to modulate the interplay among the circadian clock,
photosynthesis, and abscisic acid (ABA) response pathways (Wang et al. 2022; Chen et al.
2022). However, the action mode of OsPRR95 in heading date is currently not well understood.
Further investigation for the function of OsPRR95 is warranted to elucidate the complex

regulatory networksunderlying heading date in rice.

In this study, we identified three early heading mutants under long-day conditions from
screeningan ethyl methanesulfonate (EMS)-induced mutagenesis mutant population, and cloned
ELD4-using the modified MutMap method. ELD4 encodes a BBX family zinc finger
transcription factor that is localized in the nucleus. Further studies revealed that ELD4 interacts
with OsPRR95, a transcription regulator containing PR and CCT motifs. Genetic and molecular
studies revealed that OsPRR95 shares a similar function with ELD4, and acts in the same
pathway in regulating rice heading. Additionally, it was discovered that ELD4 enhances the
binding of OsPRR95 to the firstintron of OsMADSS51, thereby directly regulating its expression.
Haplotype analysis revealed that OsPRR95 haplotype 3 (Hap 3), predominantly distributed in the
north, exhibits a shorter heading date than haplotype 1 (Hap 1) from the south. This suggests that
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selection at the OsPRRY5 locus has enhanced regional adaptability of rice during evolution. We
demonstrate that ELD4 functions as a negative regulator of heading date in rice by promoting the
binding of its interacting protein OsPRRO95 to the expression of OsMADSS51. Additionally, the
geographical distribution of different OsPRR95 haplotypes indicates that OsPRR95 may

represent a novel genetic resource for modulating regional adaptation in rice.

Result
1. Identification of Early Heading at Long Day 4 through MutMap

To identify novel regulators of heading date, mutants with abnormal heading were screened
from an EMS-mutagenized population in the japonica cultivar Ningjing 7 (NJ7). Among them,
eld4-1 flowered about 10 days earlier under natural long-day (NLD) conditions (Fig. 1A, B). An
F2 population derived from a cross between eld4-1 and NJ7 showed a segregation ratio of early
to normal heading close to 1:3 under NLD (Supplementary Table 1), indicating that the early-

heading phenotype is controlled by a single recessive gene.

Using a modified MutMap (Abe-etal. 2012) strategy with 30 early- and 30 normal-heading F-
plants, ELD4 was mapped to the distal end of chromosome 9 (Fig. 1C). Analysis of high-
confidence SNPs and Sanger sequencing identified a C-to-A mutation in the second exon of
LOC 0Os09g35880 ineld4- 1, resulting in a histidine-to-glutamine substitution at position 42 of
the encoded B-box zin¢ finger protein (Fig. 1D).

Two additional mutants, e/d4-2 and eld4-3, exhibiting similar early-heading phenotypes (10-

13 days), were identified from the same mutagenesis library (Supplementary Fig. 1A, 1B, 1E,
1F). MutMap located their causal mutations to the same region as eld4-1 (Supplementary Fig.
1C, 1G): Sequencing revealed amino acid changes in LOC Os09g35880: arginine to lysine at
position 93 in e/d4-2, and cysteine to tyrosine at position 59 in e/d4-3 (Supplementary Fig. 1D,
1H). The consistent phenotypes and mutations in the same gene confirm that the mutation of
LOC 0s09g35880 is responsible for the phenotype of e/d4. Additionally, amino acid sequence
conservative analysis among different species shows that the mutated 42nd histidine, 59th
cysteine and 93rd arginine are highly conserved among different species (Supplementary Fig. 2),

underscoring its functional importance.
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2. ELD4 negatively regulates heading date in rice

To further validate the role of ELD4, CRISPR/Cas9 system was used to generate knockout
mutants in japonica cultivars Nipponbare (NIP) and Asominari (Aso). Two sgRNAs targeting the
third exon of ELD4 produced homozygous mutants with frameshift-induced premature
termination (e/d4-4 and eld4-5 in NIP, eld4-6 and eld4-7 in Aso) (Supplementary Fig. 3; Fig. 11).
All mutants showed earlier heading about 6 days under NLD (Fig. 1E, 1H; 1J, 1K).

RNAIi knockdown lines targeting ELD4 in NIP (ELD4RNAi-2 and ELD4RNAi-4) with reduced
ELD4 expression (Supplementary Fig. 4) also headed about 5 days earlier under NLD (Fig. 1L,
IM). Conversely, overexpression lines (OE-ELD4-1 and OFE-ELD4-2) with elevated ELD4
expression (Fig. 1G) showed delayed heading under NLD (Fig. 1F, 1H). These results confirm

that ELD4 acts as a repressor of rice heading under long-day conditions.

To assess the impact of ELD4 knockout mutants.on yield, agronomic traits were evaluated.
Compared to WT, eld4 mutants showed significantly reduced grain number per plant and
primary branches per panicle, but increased fertility. Plant height, tiller number, and secondary

branches per panicle did not differ significantly (Supplementary Table 2).

3. ELD4 is a zinc finger transcription factor localized in the nucleus

Sequence analysis showed that ELD4 is a zinc finger transcription factor which has two B-
BOX domains (Supplementary Fig. 5). To detect the temporal and spatial expression pattern of
ELD4, reverse transcriptase-quantitative PCR (RT-qPCR) was performed to examine the relative
expression of ELD4 in different tissues. ELD4 was constitutively expressed in all tissues with
higher expression in the panicles and leaves (Fig. 2A). Meanwhile, we found that ELD4 showed
rhythmic expression patterns under both LD and SD conditions, which its expression gradually
increases at ZT20, reaching a peak at ZT4, and then gradually decreases, reaching the lowest

peak at ZT16 (Fig. 2B, 2C).

To examine the subcellular localization of ELD4 protein, an ELD4-GFP fusion vector with the

control of the cauliflower mosaic virus 35S promoter (35S::ELD4-GFP) was constructed. The
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construct was transformed into rice protoplasts, and the signal of ELD4-GFP fusion protein was
found in the cytoplasm and nuclear which was merged with the signal of nuclear protein marker

D53-mCherry (Zhou et al. 2013) fluorescence (Fig. 2D).

4. ELD4 physically interacts with OsPRR95

To investigate functional mode of ELD4, a yeast two-hybrid library (Y2H) screening assay
was performed using pGBKT7-ELD4 as bait. A potential interacting protein; Pseudo-Response
Regulator 95 (OsPRR95, LOC _0s09g36220), was identified. To confirm the interaction between
ELD4 and OsPRR95, the full-length coding sequence (CDS) of ELD4 was fused to pGADT?7,
while the full-length CDS of OsPRR95 was fused to pGBKT7. Y2H ‘assays showed that ELD4
can physically interact with OsPRR95 in yeast (Fig. 3A). An in.vitro pull-down assay was also
performed to verify the interaction. ELD4 was co-immunoprecipitated by OsPRR95-MBP,
suggesting ELD4 physically interacts with OsPRR9S (Fig. 3C).

To further confirm the interaction in planta, a bimolecular fluorescence complementation
(BiFC) assay in tobacco (Nicotiana benthamiana) leaves was performed. The signal of ELD4-
cYFP and OsPRR95-nYFP combination was detected, but not detected in the controls (Fig. 3B).
Additionally, the interaction between'ELD4 and OsPRR95 was verified by split-luciferase
complementation imaging (LCI)assays (Fig. 3D).

5. The genetic relationship between ELD4 and OsPRRY5 in regulation of heading date

OsPRRY5 was previously reported to regulate circadian rhythm and abscisic acid signaling in
rice (Wang et al. 2022). To investigate whether OsPRR95 regulates heading date, Osprr95
mutants were generated using the CRISPR/Cas9 system. Two homozygous Osprr95 mutants
(Osprr95-1 and Osprr95-2) in NIP background were identified, and both flowered earlier 3-4
days than WT under NLD condition (Fig. 4A, 4B and Supplementary Fig. 6). OsPRR95 was also
knocked out in the Zhonghua 11 (ZH11) background. Two homozygous Osprr95 mutants
(Osprr95-3 and Osprr95-4) were obtained, and both exhibited a 4-5 days early flowering
phenotype compared to the ZH11 under NLD conditions (Fig. 4C, 4D and 4E). Additionally,
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OsPRRY5 was overexpressed in ZH11. Two homozygous lines exhibiting increased expression
showed 17-19 days delayed flowering phenotype under NLD conditions (Fig. 4F, 4G, 4H). These
results suggested OsPRR95 negatively regulates rice heading date, similar with ELD4.

To investigate whether ELD4 and OsPRR95 function in the same pathway of headingdate, an
eld4 Osprr95 double mutant was generated by crossing eld4-4 with Osprr95-1. Theeld4
Osprr95 double mutant also displayed an early flowering phenotype under NLD.conditions (Fig.
41, 4]). In addition, to further check the potential epistatic relationship of ELD4 and. OsPRR95 in
genetics, we crossed Osprr95-1 with the OE-ELD4 over-expression line and obtained the OF-
ELD4 Osprr95 transgenic lines. Phenotypic analysis showed that OE-ELD4. Osprr95 plants
headed as early as the osprr95 mutant, whereas OE-ELD4 alone caused late heading
(Supplementary Fig. 7). These results indicated that ELD4 and OsPRR95 function in the same
pathway to regulate heading date and OsPRRYS is epistatie.to ELD4 in genetics.

6. OsPRRYS interacts with itself and exhibits transcriptional repressive activity

To further characterize the function of OsPRR95, we analyzed the expression pattern and
localization of OsPRR95. RT-qPCR analysis showed that OsPRR95 is ubiquitously expressed in
all rice tissues with higher expression level in sheath, panicle and leaves (Fig. 5A) and displays
rhythmic expression patterns under both LD and SD conditions, which its expression gradually
increases at ZT0, reaches a peak between ZT12, and then gradually decreases afterwards,
reaching the lowest peak at ZT16 and ZT20. (Fig. 5B, 5C). Subcellular localization analysis in
rice protoplasts shows that the OsPRR95-GFP fusion protein is localized in the nucleus and
cytoplasm, co-localizing with the nuclear-localized D53-mCherry fusion protein (mCherry) (Fig.

5D).

Moreover, transcriptional activity assay demonstrated that OsPRR95 exhibits transcriptional
repressive activity in rice protoplasts (Fig. S5E, 5F). In addition, OsPRR95 can interact with itself
in yeast two-hybrid assays (Fig. 5G). To further confirm this interaction, LCI and BiFC assays
were performed. The results showed that OsPRR95-cLUC interacted with OsPRR95-nLLUC, and
OsPRR95-cYFP interacted with OsPRR95-nYFP (Fig. 5H, 5I).
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7. Both ELD4 and OsPRR9S bind to the promoter and the first intron of OsMADS51

To investigate the impact of ELD4 on flowering-related genes, the expression levels of key
flowering genes including Ehdl, RFT1, Hdl, DTHS, OsMADS14, OsMADS50, OsGI, OsCOL4
and OsTrx1 were analyzed in both the WT and e/d4-4 mutant under LD conditions. It was found
that the expression levels of RFT1, OsMADS14, OsGI and OsTrx1 genes were significantly
higher in the e/d4-4 mutant under LD conditions, while EAdl, Hdl, OsMADS50.and OsCOL4

genes under LD conditions were down-regulated in e/d4-4 mutant (Supplementary Fig. 8).

To further investigate the direct target genes regulated by ELD4, chromatin
immunoprecipitation followed by sequencing (ChIP-seq) analysis was performed. Leaves from
ELD4 overexpressing lines were used for ChIP-seq analysis to investigate the genome-wide
binding targets of ELD4. In total, 97 and 5550 significant peaks were identified in two replicates
(Supplementary Data Set 1). These potential binding sites.are primarily enriched within 3 kb of
the Transcription Start Site (TSS) (Supplementary-Fig. 9A). Notably, a ChIP-seq peak was
identified on the first intron of OsMADS51 in.the ChIP-seq (Supplementary Fig. 9B). Consistent
with this, the expression of OsMADSS5 I“was upregulated in both e/d4-5 and Osprr95-1 mutants
compared to WT (Supplementary Fig. 10A), suggesting that OsMADS51 may be the direct target
of ELDA4. To verify binding of ELD4 to the first intron of OsMADSS51, full-length ELD4 was
fused to the pB42AD vector, and the intron sequence of OsMADS51 was cloned into the pLacZi
vector (OsMADSS5 lintro-pLacZi) for yeast one-hybrid assays. ELD4-AD can bind to
OsMADSS lintro-pLacZi, but not the control (Supplementary Fig. 10B, 10C), indicating that
ELD4 can specifically bind to the first intron of OsMADSS51.

Previous studies reported that OsPRR95 and BBX proteins binding regions are enriched with
G-box containing motifs (Chen et al. 2022; Xu et al. 2016), and we discovered a potential G-box
motifat 995 bp of OsMADS51 promoter. To verify whether ELD4 binds to both the promoter and
the first intron of OsMADS51, ChIP-qPCR assays using ELD4 overexpression lines were
performed. The results showed that ELD4 can bind to both the promoter and the first intron of
OsMADS5 1, with a stronger binding to the intron (Fig. 6A, 6B). To further confirm whether
ELD4 and OsPRR95 can directly bind to OsMADS5 1, electrophoretic mobility shift (EMSA)
assays using both G-box and the first intron probe (named R-motif) were performed. The results

demonstrated that there were very clear binding shift bands for both probes when ELD4 or
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OsPRRO5 protein was added (Fig. 6C, 6D). In addition, the shift bands were weakened when
50x and 250% competitive probes or a mutated probe were added (Fig. 6C, 6D).

In addition, the dual-luciferase reporter assays (Dual-LUC) were performed to further
elucidate their interactions. The promoter or the first intron sequence of OsMADSS51 was fused to
the firefly luciferase gene of the pGreen0800-LUC vector as the reporter (named
pOsMADSS5 1:LUC and iOsMADS51:1LUC, respectively), and the CDS of ELD4.and OsPRR95
were individually inserted into pCAMBIA1390 vector as effectors, respectively. Then these
fusion vectors were injected into tobacco leaves for the luciferase activity assay. When ELD4-
Flag or OsPRR95-Flag was co-transformed with pOsMADS5 1:LUCreporter, no significant
changes in luciferase activity were observed (Supplementary Fig.-11). However, when replaced
the reporter pOsMADS5 1:LUC with the iOsMADS5 1:LUC; both ELD4 and OsPRR95 can inhibit
the luciferase activity significantly (Fig. 6E, 6F). These results'suggested that both ELD4 and
OsPRRO5 can bind to the promoter and the first intron probes of OsMADSS5 1, with the first intron

likely playing a dominant role.

To further investigate the biological consequence of ELD4-OsPRR95 module binding to the
promoter and the intron region of OsMADSS5.1, the EMSA assays were performed. Binding of
OsPRRIS to the OsMADS51 intron was enhanced with increasing amounts of ELD4-GST
protein while declined with GST protein (Fig. 6G), indicating that ELD4 can enhance the
binding of OsPRR95 to OsMADS51 intron. To further verify this result, we performed the dual-
luciferase reporter (Dual-LUC) assays in which the iOsMADS51:LUC construct was infiltrated
alongside OsPRR95-Flag or ELD4-Flag at graded doses. Compared to the empty Flag vector,
individual delivery.of either OsPRR95-Flag or ELD4-Flag significantly attenuated LUC activity
(Fig..6H). When OsPRR95 and iOsMADSS51:LUC were maintained at a fixed ratio, incremental
elevation of co-expressed ELD4-Flag produced a dose-dependent reduction in LUC signal.
Conversely, when ELD4-Flag and iOsMADS51:LUC were held constant, titration of OsPRR95-

Flag elicited no additional change in luminescence (Fig. 6H).

8. ELD4 regulates the heading date of rice upstream of OsMADSS51
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To verify the genetic relationship between ELD4 and OsMADSS51, OsMADS51 overexpressing
transgenic lines (OE-OsMADS51) and ELD4 OsMADS51 double overexpression lines (OFE-
ELD4 OsMADSS51) driven by the maize ubiquitin promoter were generated in NIP background.
Plants exhibiting upregulated expression were selected for flowering phenotype assessment
(Supplementary Fig. 12). It was observed that the OE-OsMADS5 1 overexpression plants
flowered earlier, the OE-ELD4 overexpression lines flowered later, while the OE-ELD4
OsMADSS51 double overexpression lines headed earlier (Fig. 61, 6J), indicating that OsMADSS5 1

acts downstream of ELD4 to regulate flowering in rice.

To further confirm this conclusion, we generated the osmads5 [ mutant by CRISPR/Cas9
(Supplementary Fig. 13A) and e/d4 osmads51 double mutant by crossing osmads51 with eld4
mutant. Phenotypic analysis of heading date in WT, eld4, osmads51, and eld4 osmads51 revealed
that osmads5 1 exhibited a slightly delayed flowering time compared to WT, whereas eld4
displayed a significantly early-heading phenotype. Notably, the e/d4 osmads5 1 double mutant
only partially restored the early-heading phenotypeof e/d4 (Supplementary Fig. 13B, 13C).
These data indicated that OsMADS51 acts downstream of ELD4 in regulating rice heading date

and there may be additional downstream genes of ELD4 contributing to heading date regulation.

9. Natural variation of OsPRR95'suggests breeding selection among rice varieties

To elucidate the potential.application value of ELD4 and OsPRRY5, haplotype analysis

utilizing the RiceVarMap database (https://ricevarmap.ncpgr.cn/hap_net/) was performed. ELD4

lacks hapletype differentiation in heading date, whereas OsPRR95 exhibits such differentiation.
Thus, we further analyze the haplotypes of OsPRRY5 involved in heading date determination.
Four major haplotypes associated with the heading date at OsPRR95 locus were identified (Fig.
7A). Detailed analysis of heading date phenotypes across these haplotypes revealed significant
differences (Fig. 7B, 7C). Specifically, Hap 1 and Hap 2 exhibited longer heading period
compared to Hap 3 and Hap 4 (Fig. 7B). This suggests that these four haplotypes may have
distinct roles in the regulation of heading date in rice. To gain further insights into the genetic
diversity and potential breeding applications, the distribution of rice varieties across the four
haplotypes was examined. Analysis revealed that Hap 1 was predominantly found in indica rice

varieties, while Hap 3 contained both indica and japonica varieties (Fig. 7D). Additionally, a
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geographic distribution analysis of Hap 1 and Hap 3 was conducted (Fig. 7E). Hap 1 was found
to be predominantly distributed in southern regions, while Hap 3 showed a more widespread
distribution. However, there were no significant geographical distribution differences for Hap 2
and Hap 4. This geographic distribution pattern aligns with the observed diftferences in heading
dates (Fig. 7B), as the longer heading date of Hap 1 is consistent with its adaptation to'the longer
growing seasons typically found in southern regions. Conversely, the shorter heading date of Hap
3 may confer an advantage in regions with shorter growing seasons or in environments where
early maturation is beneficial. These results indicate that OsPRR9S5 is continuously selected in

the evolutionary process, which enhances the regional adaptability of rice.

Discussion

In rice, the heading date is an important agronomic trait that determines the yield of crop and
adaptability to different regions. In this study, we isolated a flowering-inhibitory gene ELD4
from screening an ethyl methanesulfonate (EMS)-induced mutagenesis mutant population using
the MutMap method (Fig. 1 A-1D). ELD4 interacted with OsPRRO95 to co-regulate the heading
date in rice through binding to the promotor and the first intron of OsMADSS51 (Fig. 3, 41, 4] and
6). Two genes with minor effects on the regulation of heading date were identified, which refines
the regulatory network of heading date in rice. Concurrently, haplotype analysis of OsPRR95
(Fig. 7) indicates that it has been subject to evolutionary selection, thereby enhancing the

regional adaptability of rice breeding and cultivation.

It is noteworthy that all three mutants identified from the mutant population (eld4-1, eld4-2,
and eld4-3) carry amino acid substitutions. Sequence alignment revealed that these altered
residues are located within the B-Box domain and are conserved among members of the protein
family (Supplementary Fig. 2), suggesting that they play crucial roles in protein function.
Furthermore, structural modeling analysis using AlphaFold3 and PyMOL indicated that these
amino acid substitutions likely disrupt the binding of ELD4 to the G-box motif in the
OsMADSS5 1 promoter (Supplementary Fig. 14), also implying that eld4-1, eld4-2, and eld4-3 are
the loss-of-function mutants. This notion is further supported by the observation that these
mutants exhibit heading phenotypes similar to those of the premature termination mutants (e/d4-

4, eld4-5, eld4-6, and eld4-7 obtained by CRISPR/Cas9).
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Previous studies have demonstrated that BBX19 and BBX28/29 interact with PRR proteins to
modulate the circadian clock pathway (Li et al. 2021; Yu et al. 2023). Additionally, Hd1 has been
shown to interact with OsPRR37 to regulate heading date in rice (Sun et al. 2022). However, the
functional overlap and regulatory mechanisms of BBX and PRR family members in rice remain
unclear. In this study, we found that ELD4 and OsPRR95 co-regulate heading date by binding to
the promoter and intron of OsMADS51 (Fig. 6A-6F), thereby refining the regulatory network
underlying heading date in rice. Furthermore, recent evidence indicates that OsPRR95 is
involved in ABA signaling during germination (Wang et al. 2022). Multiple BBX proteins have
been reported to participate in abiotic stress responses (Wang et al. 2013; Nagaoka et al. 2003),
the potential interaction between OsPRR95 and BBX proteins in'mediating abiotic stress

responses warrants further investigation.

Insertion of a 9.5-kb fragment into the first intron results in reduced transcription levels of
OsMADS5 1 and its downstream genes Ehdl, Hd3a, and RFT] under high-temperature
conditions, thereby causing a delay in heading date, suggesting that OsMADSS51 is a key gene
regulating rice heading date through temperature sensing pathway. (Zhao et al. 2024; Chen et al.
2018). In this study, the binding sites of ELD4 and OsPRR95 on OsMADS51 were primarily
located in the first intron, although binding to the promoter was also observed (Fig. 6A-6F). It is
speculated whether ELD4 and OsPRR95 are also important genes regulating rice heading date
via the temperature pathway, and.the promoter and the first intron form a loop to repress gene
expression in regulating the heading date of rice. The specific mechanism, as well as how high

temperature affects this regulation requires further investigation.

Rice isra facultative short-day crop, which flowers earlier under SD conditions and delayed
under-L.D.conditions. In this study, the Osprr95 mutant exhibited earlier heading under NLD
conditions, while no significant change in heading date was observed compared to WT under
NSD conditions (Fig. 4A-4C), indicating that OsPRR95 is significantly affected by photoperiod.
Previous study reported that the Evening complex (EC, containing ELF3 (EARLY
FLOWERING 3), ELF4 (EARLY FLOWERING 4) and LUX (LUX ARRHYTHMO)) can
integrate photoperiodic signals in rice. Under LD conditions, constitutively active PhyB
suppresses ELF3.1 activity, thereby relieving the repression on downstream key flowering

inhibitors (such as OsPRR37, OsPRRY95 and Ghd7). While, under SD conditions, low-activity
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PhyB leads to the accumulation of the active form of ELF3-1, allowing EC to reduce the
expression of these key flowering inhibitors (Andrade et al. 2022). Therefore, we propose that
under SD conditions, the EC-mediated suppression of OsPRR95 limits its activity, preventing the
ELDA4-OsPRR95 module from functioning, which makes the ELD4—OsPRR95 module operate
specifically under LD conditions, not under SD conditions. However, the detailed mechanism

still requires further investigation.

Integrating the above results, our study discovered an ELD4-OsPRR95 module regulating
flowering time in rice. In WT, the OsPRR9S5 dimer interacts with ELD4 to jointly inhibit
OsMADS5 1 expressionand delay rice flowering through inhibitingflorigen. ELD4 also amplifies
the repressive effect of OsPRR95 on OsMADS5 1. In Osprr95 mutant, the absence of OsPRR95
protein mitigates the repression of OsMADS5 1, thereby releasing substantial amounts of
OsMADS5 1 and subsequently enhancing florigen production, which in turn advances the heading
date in rice. In the e/d4 mutant, the downstream loss of ELD4 completely abolishes the
repressive actions of both OsPRR9S5 and ELD4 on OsMADSS51, leading to a more pronounced
increase in florigen production and a significantly earlier heading date (Fig. 8). However, the
phenotype of the double overexpression lines OE-ELD4 OsMADS51 and eld4 osmads51 double
mutant suggested additional transcription factors or downstream genes may be involved in the
regulation of heading date in'rice through this pathway. RNA-seq analysis revealed that Ghd?2
(Grain number, plant height, and heading date 2) was significantly up-regulated in eld4
compared with WT(Supplementary Fig. 15A). This observation was further validated by RT—
gPCR, which showed that Ghd2 expression was clearly up-regulated in eld4, Osprr95, and eld4
Osprr95 mutants (Supplementary Fig. 15B). Moreover, we identified a G-box motif in the Ghd2
promotet, and EMSA confirmed that ELD4 binds this G-Box motif (Supplementary Fig. 15C),
indicating that Ghd2 may also be a potential direct target of ELDA4.

This study found that Hap 1, exhibiting a later heading date, is predominantly distributed in
southern regions, whereas Hap 3, characterized by an earlier heading date, is more widely
distributed in northern areas (Fig. 7). This distribution patternis entirely consistent with regional
adaptability. These results suggest that OsPRR95 has been under continuous evolutionary
selection, likely driven by the need to adapt to varying photoperiodic and environmental

conditions. The distinct haplotypes identified in this study may represent valuable genetic
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resources for rice breeding, particularly in efforts to optimize heading date and enhance
adaptability to different climatic zones. Future research could further explore the molecular
mechanisms underlying the differences in heading date regulation among these haplotypes and
investigate their potential applications in developing rice varieties with improved agronomic

traits.

Materials and Methods
1. Growth conditions

The eld4-1, eld4-2 and eld4-3 mutants were identified from the ethyl methanesulfonate (EMS)
mutagenesis in japonica rice variety Ningjing 7 (NJ7, wild type). For MutMap, NJ7 was crossed
with eld4-1, eld4-2 or eld4-3 mutant, respectively. The F. plants were self-crossed to generate F2
populations. For eld4-4, eld4-5, eld4-6, eld4-7, Osprr95-1, Osprr95-2, Osprr95-3, Osprr95-4
and osmads5 1 knockout plants, 20 bp gene-specific'spacer sequences of eld4-4, eld4-5, eld4-6,
eld4-7, Osprr95-1, Osprr95-2, Osprr95-3, Osprr95-4 and osmads51 were inserted into the
sgRNA/Cas9 construct, respectively. For ELD4RNAi-2 and ELD4RNAi-4 transgenic plants, the
300bp coding sequence of ELD4 was cloned into binary vector LH-FAD1390RNAi. For OFE-
ELD4-1, OE-ELD4-2, OE-OsPRRY95-2, OE-OsPRRY95-3 and OE-OsMADS51 overexpression
constructs, full-length coding sequences of ELD4, OsPRR95 and OsMADS51 were cloned into
binary vector pPCAMBIA1390. Above constructs were introduced into Agrobacterium
tumefaciens strain EHA105 and then transformed into the callus of the japonica cultivar variety,
Nipponbare«(eld4-4,eld4-5, Osprr95-1, Osprr95-2, osmads51, ELD4RNAi-2, ELD4RNAi-4, OE-
ELD4-1, OE-ELD4-2, OE-OsPRRY95-2, OE-OsPRRY95-3 and OE-OsMADS51), Aso (eld4-6, eld4-
7), Zhonghua 11 (Osprr95-3, Osprr95-4). Data was obtained using T2-T5 generations for above
plants."For MutMap, all plants were grown in the field of Nanjing. Plants for other assays were
grown in the field of Beijing and Hainan during the natural growing season. For growth
chambers treatments, all plants were grown under conditions of 10 h darkness, 25°C/14 h light,
30°C (LD) or 14 h darkness, 25°C/10 h light, 30°C (SD), light intensity of 500-800 pmol-m2-s™!
and relative humidity of 70%. For field test, all plants were grown in the field of Shunyi, Beijing.

2. MutMap analysis
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To isolate the mutated genes responsible for eld4-1, eld4-2 and eld4-3 phenotypes, F» population
was constructed by crossing the eld4-1, eld4-2 and eld4-3 mutants with the wild type NJ7. The
heading date of the F2 population were recorded individually. 30 extremely early and 30
extremely late heading plants from about 200 F» population of each cross were selected to
construct the early and late bulks. Genomic DNA of the bulks were extracted and whole-genome
sequencing was performed on the two pools, generating approximately 15 Gb of total reads
length with 30% coverage of genome. Gene mapping was performed based on-a modified
MutMap method (Abe et al. 2012). The obtained reads were aligned and annotated against the
reference rice genome (Rice Genome Annotation Project: uga.edu). Subsequently, the SNP index

was analyzed using previously established methods (Abe et al. 2012):
3. Reverse transcription-quantitative PCR (RT-qPCR)

The total RNA was reverse transcribed into cDNA. RT-gPCR analysis was performed using an
SYBR Premix Ex Taq TM kit (TaKaRa) and an ABI prism 7500 Real-Time PCR System. RT-
qPCR was performed with three technical and two biological repeats in each group. Primers
were listed in Supplementary Table 3. Rice ubiquitin (UBQ) gene was applied as the internal

control.
4. Subcellular localization

The full-length coding regions.of ELD4 and OsPRR95 were ligated into the pAN580 vector to
generate C-terminal GEP fusions. D53 was fused to mCherry to serve as a nuclear marker. The
ELD4-GFP or OsPRR95-GFP and D53-mCherry were transiently co-expressed in rice leaf
protoplasts=The method for rice leaf protoplast transformation was described previously (Zhang
et al. 2019). Fluorescence signals were detected using a ZEISS LSM880 confocal microscope.
Random fields were selected to photo for subcellular localization data. Primers were listed in

Supplementary Table 3.
S. Yeast one-hybrid assay (Y1H) and Yeast two-hybrid assay (Y2H)

For yeast one-hybrid assay, the full-length coding regions of ELD4 was ligated into the pB42AD
vector, and a 1-kb promotor of OsMADS51 was cloned into the pLacZi vector. Constructs and
empty vectors were co-transformed into yeast strain EGY48. The transformed combinations

were spread on SD/-Trp-Ura dropout medium and incubated at 30°C for 72 hours. Grown
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colonies were then transferred to color indicator medium containing X-gal, and color changes

were observed.

For yeast two-hybrid assay, full-length coding regions of ELD4 and OsPRR95 were cloned into
pGADT7 and pGBKT7 vectors. Construction and empty vectors were co-transformed into yeast
strain AH109 using the Yeast marker Yeast Transformation System (Clontech). Thetransformed
combinations were spread on SD/-Trp/-Leu and SD/—Ade/—His/—Leu/~Trp dropout mediums and
incubated at 30°C for 72 hours.

6. Bimolecular fluorescence complementation (BiFC) assay

The full-length coding regions of ELD4, OsPRR95 and OsPRMT6b were fused with cYFP and
nYFP of P2YC vector, respectively. ELD4-cYFP, OsPRR95-cYFP, OsPRR95-nYFP,
OsPRMT6b-nYFP, OsPRMT6b-cYFP, empty cYFP and empty.nYFP plasmids were co-
transfected with the p19 silencing suppressor and a mCherry nuclear marker plasmid into
Nicotiana benthamiana leaves using Agrobacterium tumefaciens strain GV3101. Tissues were
analyzed 72 hours post-infiltration. Combinations co-transfected with empty vectors were used
as negative controls. Fluorescence signals were detected using a ZEISS LSM880 confocal

microscope. Random fields were selected to photo for BiFC assay.
7. In vitro pull down assay

ELD4-GST and OsPRR95-MBP plasmids were transformed into BL21 (DE3). Pre-cultured
bacteria were transferred into 500 ml LB medium and grown at 37° C. Protein expression was
induced by adding 0.5 mM isopropyl (3 -D-1-thiogalactopyranoside (IPTG), and cultures were
incubated for 12-16 h at 16° C. Bacteria were harvested by centrifugation at 5,000 xg for 5 min

and disrupted by intermittent sonication. For pull-down assay, ELD4-GST and OsPRR95-MBP
fusion. proteins were co-incubated with MBP resin at 4°C for 1 hour in PBS buffer (1x PBS, 1x
protease inhibitor cocktail tablets (PI, supplied from Roche) and 1 mM dithiothreitol (DTT)).
MBP alone or ELD4-GST alone was co-incubated with MBP resin under the same conditions as
controls. The beads were collected and washed 3-5 times with PBS buffer and examined by 10%

SDS-PAGE. Western blot was conducted with GST and MBP antibodies.

8. Luciferase complementation imaging (L.CI) assay
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The full-length coding regions of ELD4, OsPRR95 and SHMT4 were amplified and cloned into
the pPCAMBIA1300-nLUC and pCAMBIA1300-cLUC vectors, respectively. Constructs were co-
transformed into Nicotiana benthamiana leaves via Agrobacterium tumefaciens (strain
GV3101)-mediated transformation. Transfected leaves were sprayed with 1 mM D-luciferin
(Promega, E1602) dissolved in 0.01% (v/v) Triton X-100, and luminescence images were

captured using an in vivo imaging system (Berthold, NightSHADE LB985).
9. ChIP sequencing and chromatin immunoprecipitation (ChIP)-qPCR

Chromatin immunoprecipitation (ChIP) assays were performed as previously described (Duan et
al. 2019). Briefly, 5 g of leaves from ELD4-GFP overexpression lines were-cross-linked in 30 ml
of 1% (v/v) formaldehyde under vacuum. Chromatin was isolated from the cross-linked tissue
and sheared by sonication to generate DNA fragments ranging from 200 to 500 bp. The
solubilized chromatin was immunoprecipitated overnight.at4° C using anti-GFP antibody
(Roche, 11814460001) conjugated to Protein A magnetic beads (Merck Millipore, 16-661). The
final enriched DNA was used for sequencing or qPCR analysis. Fold enrichment was calculated
as the ratio of the amount of target DNA in.the immunoprecipitated (IP) sample relative to the

input DNA sample.
10. Electrophoretic mobility shift assay (EMSA)

The full-length codingregions of ELD4 and OsPRR95 were introduced into pGEX4T-1 and
pPMAL-c2x vectors. The constructions and empty GST and MBP were expressed in BL21 (DE3)
to induce protein expression. The proteins were purified using BeaverBeads GSH
(TNLXLRO101) and amylose resin (BioLabs, E8021S) and eluted with 1xglutathione and 10
mM maltose. EMSA used the LightShift Chemiluminescent EMSA Kit (Pierce Biotechnology) to
perform (Thermo, 20148). The sequences of probes are listed in Supplementary Table 3.

11. LUC activity determination

1-kb promoter and intron regions of OsMADSS51 were cloned into the pGreen0800-LUC vector
(Chen et al., 2008) to create pOsMADSS51:LUC and iOsMADS5 1:LUC construct. The full-length
encode regions of ELD4 and OsPRRY95 were transformed into pPCAMBIA1390 vector to generate
ELD4-flag and OsPRR9Y5-flag constructs. pOsMADS51:LUC or iOsMADSS51:LUC was co-
transfected with ELD4-flag or OsPRR95-flag into Nicotiana benthamiana leaves via
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Agrobacterium-mediated transformation. The Renilla reniformis (REN) driven by CaMV35S
promotor was used as the control and the LUC/REN was represented the relative LUC activity.

Dual-luciferase Assay Kit (Promega, E1910) was used for measuring activity.
12. The information of antibodies

For all used commercial antibodies (Dilute 5000-fold for use): Anti-GFP (Roche,Code No:
1181446000); Antibody-1gG (H + L chain) Mouse pAb-HRP (MBL, Code No: 330), which is a
secondary antibody and universal for all mouse applications that require secondary antibodies;
Antibody-GST (pAb-HRP-Direct Rabbit, MBL, Code No: PM013-7);/Anti-MBP antibody
(BioLabs, Code No: E8032S).

Statistical analysis

The statistical results are presented as means + SD;with n denoting the number of biological
replicates. Two-tailed student’s 7-tests were performed for two groups comparisons. The

statistical methods used for each experiment are both detailed in the figure legends. Three

separate plants per tissue sample were combined to form three biological replicates in RT-qPCR

analysis. Each experiment was performed a minimum of three times to ensure consistency.

Detailed statistical analysis data are provided as Supplementary Data Set 2.
Accession numbers

The sequences of the genes related to this study are available on the Rice Genome Annotation

Project website at https://rice.uga.edu/. The accession number mentioned in this article: ELD4
(LOC.0s09g35880), OsPRR95 (LOC 0Os09g36220), OsMADS51 (LOC Os01g69850), SHMT4
(LOC Os01g65410), OsPRMT6b (LOC Os04g58060), Ghd2 (LOC Os02g49880).
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Figure 1. The phenotypes of eld4-1 obtained by the modified MutMap and ELD4 knockout,

overexpression and RNAI lines

(A) The phenotypes of WT and eld4-1 mutant. Bars, 20 cm. (B) The heading date of WT and
eld4-1 mutant. Data are means = SD (n = 17 seedlings). (C) Bulk segregant analysis of genes

responsible for the heading date phenotypes of eld4-1. The significance of each single nucleotide
polymorphisms (SNPs) on 12 chromosomes between early and late bulks are indicated. (D)

Schematic diagram of structure of the LOC Os09g35880 gene. Black boxes, grey boxes and
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lines indicate exons, UTRs and introns, respectively. The purple and blue boxes represent the
first and second B-Box domains, respectively. The red words represent the sites of nucleotide
mutation and amino acid substitutions in e/d4-1 mutant. (E) The flowering phenotypes of WT
and e/d4 mutants under NLD conditions. e/d4-4 and eld4-5 represented two independent
CRISPR/Cas9 knockout lines of ELD4. Bar, 15 cm. The white arrow indicated panicles. (F) The
flowering phenotypes of WT and ELD4 overexpression lines under NLD conditions. OE-ELD4-1
and OE-ELD4-2 represented two independent lines of ELD4 overexpression plants. Bar, 15cm.
The white arrow indicated panicles. (G) The expression level of ELD4 ovetrexpression lines.
Data, means + SD (n = three biological replicates). (H) The heading date of WT, eld4 mutants
and ELD4 overexpression lines under NLD conditions. Data are means == SD (n = 10 seedlings).
(I) The gene structure diagram of ELD4 and the target sequence of e/d4 mutant by CRISPR/Cas9
system. The green boxes and lines represented the exons and introns, respectively. The
sequencing chromatograms of e/d4 mutants were attached. (J) The phenotype of Aso, e/d4-6 and
eld4-7 transgenic lines. Bar, 15 cm. The white arrow indicated panicles. (K) The heading date of
Aso, eld4-6 and eld4-7 transgenic lines. Data are means = SD (n = 14 seedlings). (L) The
phenotype of WT, ELD4RNAi-2 and ELD4RNAi-4 transgenic lines. Bar, 15 cm. The white arrow
indicated panicles. (M) The heading date of WT, ELD4RNAi-2 and ELD4RNAi-4 transgenic

lines. Data are means == SD(n = 14 seedlings).

All above P values were calculated by two-tailed #-test.

Figure 2. The expression pattern and subcellular localization of ELD4

(A) The relative expression levels of ELD4 in different rice tissues. Data are means + SD (n =
three biological replicates). (B and C) The rhythmic expression of ELD4 under LD (B) and SD
(©).ZT, Zeitgeber Time. Data were means + SD (n = three biological replicates). The rice
UBIQUITIN (UBQ) gene was used as the internal control. (D) The subcellular localization of
ELD4-GFP in rice protoplasts. Empty GFP was used as the internal control (n = three
independent experiments). Bar, 10 um. The mCherry fused with D53 protein was used as the
nuclear marker. Merged, the fusion channel of GFP channel, mCherry channel and Bright Field

channel.
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Figure 3. ELD4 interacted with OsPRR95

(A) Yeast two-hybrid (Y2H) assay showing ELD4 interacted with OsPRR95. Empty AD and BD
were used as the control (n = three independent experiments). (B) Bimolecular fluorescence
complementation (BiFC) assays showing the interaction between ELD4 and OsPRR95 in the
tobacco leaves (n = three independent experiments). The mCherry fused with D53 protein was
used as the nuclear marker. The coding regions of ELD4 and OsPRR95 were fused with cYFP
and nYFP, respectively. OsPRMT6b (Jin et al. 2025) was used for the control. Merged, the fusion
channel of YFP channel, mCherry channel and Bright Field channel. YEP,.green signal; mCherry,
purple signal. Bar, 10 um. (C) In vitro pull-down assay showing the interaction between ELD4
and OsPRR95 (n = three independent experiments). Thefusion proteins were pulled down by
MBP resin. Antibodies against MBP and GST were used-for western blot analysis. MBP was
used as the control. (D) Luciferase complementation imaging (LCI) assay proved that ELD4
interacted with OsPRR95 in tobacco leaves (n = three independent experiments). SHMT4 (Yan

et al. 2022) was used as the control.

Figure 4 ELD4 and OsPRRY5 co-regulated the heading date in rice

(A) The phenotypes of WT and Osprr95 mutants under NLD conditions. Bar, 15 cm. The white
arrow indicated panicles. (B) The heading date of WT and Osprr95 mutants under NLD and
NSD conditions. Data.are means &= SD (n = 15 seedlings). (C) The phenotypes of ZH11,
Osprr95-3 and Osprr95-4 transgenic lines. Bar, 15 cm. The white arrow indicated panicles. (D)
The gene structure diagram of OsPRRY5 and the sequence of Osprr95 mutant by CRISPR/Cas9
system. Sequence alignment indicates the Osprr95 mutant carries a 9-bp deletionin the 5’ UTR
that encompasses the initiator ATG. The green boxes and lines represented the exons and introns,
respectively. The sequencing chromatograms of Osprr95 mutants were attached. (E) The heading
date of ZH11, Osprr95-3 and Osprr95-4 transgenic lines. Data are means == SD (n =13
seedlings). (F) The phenotypes of ZH11, OE-OsPRR95-2 and OE-OsPRR95-3 transgenic lines.
Bar, 25 cm. The white arrow indicated panicles. (G) The relative expression level of OsPRR95 in

ZH11, OE-OsPRRY5-2 and OE-OsPRR95-3 transgenic lines. Data are means = SD (n = three
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biological replicates). (H) The heading date of ZH11, OE-OsPRR95-2 and OE-OsPRR95-3
transgenic lines. Data are means = SD (n = 16 seedlings). (I) The phenotypes of WT, Osprr95,

eld4 and eld4 Osprr95 mutants under NLD conditions. Bar, 15 cm. The white arrow indicated
panicles. (J) The heading date of WT, Osprr93, eld4 and eld4 Osprr95 mutants under NLD and

NSD conditions. Data are means = SD (n = 13 seedlings).

All above P values were calculated by two-tailed #-test.

Figure 5 The basic properties and self-interaction of OsPRR95

(A) The expression levels of OsPRR95 in different rice tissues. Data are means + SD (n = three
biological replicates). (B and C) The rhythmic expression pattern of OsPRR95 under LD (B) and
SD (C). ZT, Zeitgeber Time. Data were means + SD{(n'=-three biological replicates). The rice
ubiquitin (UBQ) gene was used as the internal control. (D) The subcellular localization of
OsPRR95-GFP in rice protoplasts. Empty GEP was used as the internal control (n = three
independent experiments). Bar, 5 pm. (E'and F) Transcription activity assay indicated that
OsPRR95 is a transcriptional repressor. The empty BD was used as the control. Data are means +
SD (n = three independent experiments). P value was calculated by two-tailed #-test. (G) Yeast
two-hybrid (Y2H) assay showing OsPRR95 interacted with OsPRR95. Empty AD and BD were
used as the control (n.= three independent experiments). (H) Luciferase complementation
imaging (LCI) assay showed that OsPRR95 can interact with itself in tobacco leaves. SHMT4-
cLUC and SHMT4-nLUC (Yan et al. 2018) were used as the negative control (n = three
independent experiments). (I) Bimolecular fluorescence complementation (BiFC) assays
showing that OsPRR95 can form a homodimer in the tobacco leaves. OsPRMT6b was used as
the control. The mCherry fused with D53 protein was used as the nuclear marker (n = three
independent experiments). The coding region of OsPRR95 was fused with cYFP and nYFP,
respectively. Merged, the fusion channel of YFP channel, mCherry channel and Bright Field
channel. Bar, 10 um. YFP, green signal; mCherry, purple signal.
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Figure 6 ELD4 and OsPRR9S bound to the promoter and first intron of OsMADS51

(A) The schematic diagram of structure of OsMADSS5 1. Black boxes, grey boxes and lines
indicate exons, UTRs and introns, respectively. (B) ChIP-qPCR assay showing that ELD4 bound
to the promotor and intron of OsMADSS51. ELD4 overexpression lines and GFP antibodies were
used for ChIP assay. P1-P5 primers were exhibited in A. Data were means + SD (n =three
independent experiments). (C and D) EMSA assay showing that ELD4 and OsPRR95bound to
the G-box in the promotor and the intron of OsMADS51. G-Box®"° and R motif?"° are the target
probe, and G-Box-Comp and R motif-Comp are the competitor probe, Plus (+) and minus (-)
represented the presence and absence of the probe or protein in each-combination. The arrow
indicates the binding shift (n = three independent experiments). (E'and F) Transcription activity
assays indicating that ELD4 and OsPRR95 suppressed theactivity of OsMADS51. The eftectors
and reporters were shown in (E). The relative transcriptionactivities were calculated by
LUC/REN (n = three independent experiments). (G) EMSA assays showing that ELD4 enhances
the binding of OsPRRO5 to the intron of OsMADSS51. Plus (+) and minus (-) represented the
presence and absence of the probe or protein in each combination. R motif i is the target probe.
The arrow indicates the binding shift (n =three independent experiments). (H) Transcription
activity assays indicating that ELD4 enhanced OsPRR95-mediated repression of the first intron
of OsMADSS51. The bar chart on the right represents the corresponding relative fluorescence
intensity (n = two independent experiments). (I) The phenotypes of WT, OE-ELD4, OE-
OsMADS51 and OE-ELD4 OsMADSS51 transgenic lines under NLD conditions. The full-length
coding region of OsMADS51 was cloned into the pPCAMBIA1390 vector. Bar, 15 cm. The white
arrow indicated panicles. (J) The heading date of WT, OE-ELD4, OE-OsMADSS51 and OE-ELD4
OsMADSS5 1 transgenic lines under NLD conditions. Data are means = SD (n = 16 seedlings).

All above P values were calculated by two-tailed #-test.

Figure 7 The haplotypes of OsPRR9Y5 with heading date in rice

(A) The main haplotypes of OsPRR95 in RiceVarMap 2.0 database
(https://ricevarmap.ncpgr.cn/hap_net/). The figure below shows the gene structure diagram of

OsPRR95 and the locations of SNPs (Single Nucleotide Polymorphisms). (B) Heading date

32

920z Ae\ |1 Uo Jasn ssousliog [einynolby Jo Awspeoy eulyd Aq 2091 298/L €1 620Y/11801d/S60 1 01 /10p/e[01e-80ueApe/||8o]d/woo dno-olwspeoe//:sdny Wwolj papeojumoq


https://ricevarmap.ncpgr.cn/hap_net/

A WO N

15

16

17

phenotypes of the four haplotypes. Student’s ¢-tests was used for significance analysis (*P <0.05,
**P <0.01). (C) Significance analysis of heading date phenotypes among four haplotypes. (D)
Distribution of rice varieties among the four haplotypes. (E) Geographic distribution of Hap 1

and Hap 3. The x- and y-axes represent longitude and latitude, respectively.

Figure 8 The working model of ELD4-OsPRRYS5 in regulating heading

In WT, the OsPRR95 dimer interacts with ELD4 to co-bind to the first intron‘and promoter of
OsMADSS5 1, thereby repressing OsMADS51 expression and delaying rice flowering. ELD4 also
enhances the repressive effect of OsPRR95 on OsMADS51. In the Osprr95 mutant, the lack of
OsPRR95 protein alleviates the suppression of OsMADSS5 1, resulting in a significant release of
OsMADS5 1 and a subsequent boost in florigens production, thereby accelerating rice heading. In
the e/d4 mutant, the downstream loss of ELD4 entirely eliminates the repressive effects of both
OsPRR95 and ELD4 on OsMADS5 1, thereby promoting a robust increase in florigen production

and a pronounced acceleration of heading time.
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