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ELD1 mediates photoperiodic flowering via
OsCCA1 alternative splicing and interacts
with phytochrome signaling in rice
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Photoperiodic flowering in plants is orchestrated by the dynamic interaction
between light signals and the endogenous circadian clock, but how light sig-
nals integrate into the clock remains to be fully elucidated. Here, we identify
ELD1, a CCHC-type zinc finger protein that is essential for rice embryo survival.
Notably, partial loss of ELD1 function results in early flowering under long-day
conditions. Further investigations demonstrate that ELD1 physically interacts
with OsNKAP, an orthologue of mammal NF-kB activating protein, as well as
core splicing factors to regulate the splicing profile of OsCCA1, a core oscillator
of the circadian clock. Molecular and genetic evidence indicate that OsCCAI is
the primary target of ELD1 in controlling flowering time. Additionally, ELD1
interacts with photoactivated phyB, mediating red-light-regulated alternative
splicing of OsCCAL1. Collectively, our findings establish a molecular connection
between light signaling and the circadian clock, with ELD1 modulating OsCCA1

alternative splicing to control photoperiodic flowering.

Heading date (or flowering time) is a pivotal agronomic trait in crop
cultivation, as it determines seasonal and regional adaptability. Pho-
toperiod constitutes a critical environmental cue that regulates flow-
ering time. Rice, a prototypical short-day (SD) plant, exhibits delayed
flowering under long-day (LD) conditions and accelerated flowering
under SD conditions. Previous studies have identified two major sig-
naling pathways regulating flowering in rice. The first is the evolutio-
narily conserved photoperiodic flowering pathway, OsGIl-HdI-
Hd3a/RFT, which is analogous to the Arabidopsis GI-CO-FT pathway.
Heading date 1 (HdI), the ortholog of Arabidopsis CONSTANS (CO),
functions as a central regulator governing photoperiodic flowering in
ricel. Hd1 generally promotes flowering under SD conditions by acti-
vating florigen genes Heading date 3a (Hd3a) and RICE FLOWERING

LOCUS T 1 (RFTI), but inhibits flowering under LD conditions™. In
addition to this conserved pathway, rice possesses another monocot-
specific pathway, in which Ehd1 acts as a central hub and regulated by
multiple flowering genes, including Ghd7, MADSSO0, Ehd2, Ehd3, Ehd4**.

The plant circadian clock exerts a profound influence on plant
growth and physiology, not only orchestrating daily events but also
governing crucial developmental transitions throughout the plant’s
life cycle. The coincidence between a circadian clock-controlled
internal signal and a periodic external signal can initiate the flower-
ing process. Therefore, the conserved components of circadian clock
genes in rice and Arabidopsis are integrated into the photoperiodic
flowering pathway>*. For example, Hd1 is regulated by Rice CIRCADIAN
CLOCK-ASSOCIATED 1 (OsCCALl), the core component of the circadian
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clock’. OsCCA1 exhibits peak expression at dawn and represses the
transcriptional activity of OSGIGANTEA (OsGl). At dusk, OsCCAI is
inhibited by other clock components, leading to the accumulation of
OsGI mRNA and the subsequent activation of HdI expression’ ™.

In plant developmental processes, the circadian clock’s period
and phase can be reset by exogenous signals, such as light and
temperature®, allowing the clock to synchronize with the surrounding
environment. Phytochromes, which are red and far-red light photo-
receptors in plants, play a crucial role in this process by enabling plants
sense light and transducing light signals to the circadian clock. Pre-
vious studies have shown that phytochromes regulate the circadian
clock primarily through transcriptional control and protein
degradation®. In Arabidopsis, LIGHT-REGULATED WD1 (LWD1) inter-
acts with TCP20/22 at the TCP-binding site in the CCAI promoter to
activate its expression at dawn”. FAR-RED ELONGATED HYPOCOTYL3
(FHY3) and its paralog FAR-RED IMPAIRED RESPONSEI (FARI1) physi-
cally interact with phytochrome-interacting factor 5 (PIF5) to regulate
the light-induced CCAI transcription'*. Moreover, clock components,
CCAI, GI, TIMING OF CAB 1 (TOC1), and EARLY FLOWERING 3 (ELF3)
have also been found directly interact with phytochrome B (phyB)".

Alternative splicing (AS) is widespread in eukaryotes, enhancing
the diversity of the transcriptome and proteome. The process of pre-
mRNA splicing is executed by a large dynamic complex known as
spliceosome, which is composed of five small nuclear RNAs (U1 snRNA,
U2 snRNA, U4 snRNA, U5 snRNA, U6 snRNA) and their corresponding
small nuclear ribonucleoproteins (snRNPs)"**¢, In addition, a number
of RNA-binding proteins such as serine/arginine-rich (RS) proteins and
heterogenous nuclear ribonucleoproteins, act as auxiliary splicing
factors to identify targets and modulate appropriate splicing event'®'?,
During the process of spliceosome assembly, Ul snRNP initiate
recognition of the 5’ splice site (SS) branch point sequence (BPS),
followed by the binding of U2 snRNP to 3'SS BPS***. The spliceosome
orchestrates precise catalysis to generate five major types of AS,
including alternative 5’SS (A5SS) and 3’SS (A3SS), intron retention (IR),
skipped exon (SE), and mutually exclusive exons”. Emerging evidence
showed that light can trigger AS of circadian clock genes***’. However,
the detailed mechanisms regulating AS of circadian clock genes and
the physiological consequences remain unclear.

In this study, we identified ELDI as a photoperiod-dependent
flowering time repressor gene in rice. ELDI encodes a CCHC-type zinc
finger protein rich in serine and arginine in its C-terminal region. ELD1
co-localizes and interacts with RS-related protein OsNKAP, as well as
core splicing factors. Full-length RNA-seq analyses revealed that ELD1
affects global AS profiles, including the central oscillator gene of the
circadian clock, OsCCAl1. Molecular and genetic evidence demon-
strates that ELD1 regulates flowering time in rice through the OsCCAI-
HdI module. Additionally, our results revealed that photoactivated
phyB interacts with ELD1 in the spliceosome. Red-light modulates the
binding activity of ELD1 to OsCCAI, thereby mediating red-light-
induced AS of OsCCAI. Overall, our results indicate that ELDI is
involved in light signaling and mediates photoperiodic flowering
through regulating AS of OsCCAI in rice.

Results

ELDI negatively regulates flowering time in rice under long-day
conditions

To explore the regulatory factors influencing flowering time in rice, we
isolated the early flowering at long day 1 (eldI) mutant from an ethyl
methanesulfonate (EMS) mutation pool of japonica cultivar Ningjing 4.
The eld1 mutant exhibited an early flowering phenotype under natural
long-day conditions (NLD), flowering 10 days earlier than the wild-type
(WT) in Nanjing (E118°46” N32°03’, ~14.25 h of daylight at transplant-
ing) and 22 days earlier in Beijing (E118°28 N40°00’, ~15 h of daylight at
transplanting). However, the eldl mutant exhibited no significant
phenotype under natural short-day conditions (NSD) in Hainan

(E110°18" N18°34’, -11h of daytime at transplanting) (Fig. 1a-c). We
crossed the eld1 mutant with WT and generated an F, population. The
early flowering and normal flowering individuals in F, population
segregated in a ratio close to 1:3 (x>=0.193, P>0.05). This demon-
strates that the early flowering phenotype of the eldI mutant is con-
trolled by a single recessive gene (Supplementary Fig. 1a).

To clone the responsible gene, we selected thirty extremely early-
flowering individuals and thirty late flowering individuals from the F,
population to form the early and late bulks, respectively. Subsequently,
we performed deep sequencing and employed bulked segregant ana-
lysis (BSA) to reveal the causal mutations. A distinct peak containing a
cluster of five SNPs was detected on chromosome 9 (Supplementary
Fig. 1b), and these SNPs are located on two retrotransposon and three
putative protein-encoding genes, according to the rice MSU-RGAP
reference genome annotation (Supplementary Table 1). Through
sequencing of the individual plants, we confirmed a nonsynonymous
nucleotide substitution from C to T in the coding sequence (CDS) of
LOC_0s09g01640, resulting in the conversion of proline to leucine at
the 39th residue of the encoded protein in the eld1 mutant (Fig. 1d).

To confirm whether this mutation causes the eld1 early flowering
phenotype, we employed CRISPR-based adenine base editor (ABE) to
restore the mutated T to C in the eldl mutant, and the edited lines
showed a similar flowering time to the WT (Fig. 1d-f). Further, a con-
struct containing the 2.3-kb promoter, 1.4-kb CDS, and 0.8-kb down-
stream sequence of LOC_0s09g01640 (pELDI:ELDI) fully rescued the
early flowering phenotype of eldl at T, generation (Fig. 1g, h), sug-
gesting LOC_0s09g01640 corresponds to ELDI1. Compared to WT,
overexpression of ELDI-GFP fusion driven by the cauliflower mosaic
virus 35S promoter (p35S:ELDI-GFP) caused delayed flowering of 3-6
days in the eldI background (Supplementary Fig. 1c-e). Together,
these results suggest ELDI negatively regulates flowering time in rice
under LD conditions.

ELDI1 encodes an essential CCHC-type zinc finger protein

ELDI is predicted to encode a protein that contains the CCHC-type zinc
finger (ZCCHC) domain. Phylogenetic analysis showed that homologous
proteins containing this domain are widely present across various spe-
cies but have rarely been studied, particularly in plants. Protein sequence
alignment indicates that both ELD1 and its orthologs contain a conserved
ZCCHC domain, with the C-terminal region being highly enriched with
arginine and serine residues. Notably, the first 39 amino acids of ELD1 are
identical among multiple species (Supplementary Fig. 2).

To further investigate the role of ELDI, we attempted to generate
ELDI knockout mutants using CRISPR-Cas9 technology. However, we
failed to obtain any homozygous null mutants at T,. Instead, we
identified heterozygous lines and two homozygous lines with 6-bp in-
frame deletions. We then tried to identify homozygous knockout
mutants from the progenies of a heterozygous line, CR#1, which has a
1-bp deletion resulting in a frameshift mutation and premature ter-
mination of the encoded protein. However, all T; progenies were either
WT or heterozygous, and the segregation fit a 1:2 ratio (x2=0.13,
P> 0.05) (Supplementary Fig. 3a). This suggests that £LD1 null mutants
are likely embryonically lethal. Consistent with this, the heterozygous
CR#1 line has normal pollen fertility, but the seed setting rate is only
71.7%, compared to the 92.5% in the WT (Supplementary Fig. 3b, c).

We further investigated the phenotypes of the two homozygous
lines with 6-bp deletions, CR#3 and CR#9. Both lines result in the loss of
two conserved amino acids and exhibited early flowering phenotypes
similar to the eldI mutant. Neither line showed any other developmental
defects (Supplementary Fig. 3d-f). This suggests that the weak mutation
of ELDI is viable. Additionally, we also employed RNAi technology to
generate three ELDI knock-down transgenic plants. These RNAi lines
also showed an early flowering phenotype (5-10 days earlier than WT)
(Supplementary Fig. 3g-i). These results suggest that £LDI is an essential
gene and that weak mutations of ELDI lead to early flowering,
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Fig. 1| Phenotype analysis of eldI mutant and cloning of the

corresponding gene. a, b Phenotypic comparison of WT and eldI plants at heading
stage under Nanjing natural long-day conditions (NLD, ~14.25 h of daylight at
transplanting) and Hainan natural short-day conditions (NSD, -11 h of daylight at
transplanting). White arrows indicate rice panicles. Scale bar, 10 cm. ¢ Days to
flowering of WT and eldI mutant under Beijing NLD conditions (- 15 h of daylight at
transplanting), Nanjing NLD conditions, and Hainan NSD condition. Values are
presented as means + SD (n =10 biological replicates), two-sided Student’s t-test
was used to calculate P values. d Gene structure diagram of ELDI. The white and
blue boxes represent UTR and CDS. The sequence and trace file of WT, eldl, and
CRISPR-based adenine base editor (ABE) recover edit lines are indicated.
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e Phenotypic comparison of WT, eld1, and two independent ABE recover edit lines
at the heading stage in Nanjing. Scale bars, 10 cm. f Days to flowering of WT, eld1,
and two independent ABE recover edit lines at the heading stage in Nanjing. Values
are presented as means + SD (n =10 biological replicates). g Phenotypic compar-
ison of WT, eld1, and three independent transgenic complemented lines (C1 to C3)
at heading stage under Nanjing NLD conditions. Scale bars, 10 cm. h Days to
flowering of WT, eld1, and three independent transgenic complemented lines (C1 to
C3) grown under Nanjing NLD conditions. Values are presented as means + SD
(n=10 biological replicates). For (f and h), different letters were used to denote
statistically significant differences, which were determined using one-way ANOVA
with Tukey’s multiple comparisons test (P < 0.05).

ELD1 is rhythmically expressed and encodes a protein localized
in nuclear speckles

To investigate the expression pattern of ELD1, we conducted reverse-
transcription quantitative PCR (RT-qPCR) analysis across various tis-
sues. The results revealed that £LDI was broadly expressed in all tis-
sues, with preferential expression in the leaves, nodes, and panicles

(Fig. 2b). This finding was confirmed by B-glucosidase (GUS) staining of
the pELDI: GUS transgenic plants (Fig. 2¢). Additionally, a 24-h con-
tinuous expression analysis under controlled long-day conditions
(CLD) revealed a rhythmic expression pattern of ELDI in both WT and
the eldI mutant, with transcription levels peaking at Zeitgeber time O
(ZT 0) and then gradually decreasing during the daytime. However, in
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Fig. 2 | ELD1 is broadly expressed and encodes a nuclear speckle localized
protein. a Rhythmic expression of £LDI over 24 h in WT and eld1 mutant, detected
by RT-qPCR in the leaves of 40-day-old plants grown under controlled long-day
conditions (CLD, 14 h light/10 h dark). Values are means + SD (n = 3 biological
replicates). b RT-qPCR analysis of ELD1 expression in various tissues at heading
stage. Values are means + SD (n = 3 biological replicates). ¢ GUS staining of the
tissues collected from pELD1:GUS transgenic plants at the heading stage. (1) young
panicle, (2) (3) panicle, (4) flag leaf, (5) stem node, (6) root, and (7) stem. Scale bars,

2.5 mm. d Subcellular localization of ELD1-GFP and free GFP in root cells of 7-day-
old transgenic plants. Scale bars, 10 um. e Subcellular localization of full-length
ELD1 and various truncated forms in rice protoplasts. ELD1 (1-377) represents the
full-length ELD1, ELD1-N (1-81) includes the conserved N-terminal, ELD1-M (82-205)
contains the conserved ZCCHC domain, and ELDI-C (206-377) comprises the RS-
enriched C-terminal region. D53-mCherry was used as a nuclear marker. Scale
bars, 5 um.
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the eldl mutant, the expression level of ELDI is significantly lower
compared to the WT (Fig. 2a). This may suggest the involvement of a
feedback regulatory mechanism.

Subcellular localization analysis revealed nuclear speckle locali-
zation of the ELDI protein in the p35S:ELDI-GFP/eld1 transgenic rice
root cells (Fig. 2d). To further analyze the key domain responsible for
its nuclear speckle localization pattern, we constructed various trun-
cated ELD1 sequences fused in frame with GFP and transformed into
rice protoplasts. The results indicated that the RS-enriched C-terminal
domain (aa 206-377) is important for the nuclear speckle localization
of ELD1 (Fig. 2e).

OsNKAP co-localizes and interacts with ELD1

To investigate the molecular role of ELD1, we performed yeast two-
hybrid screening to identify ELDI-interact proteins. We identified
OsNKAP and several RNA-binding proteins as interaction partners of
ELD1 (Supplementary Table 2). OsNKAP is a putative ortholog of
human NKAP (NF-kB activating protein), which is indispensable for the
survival of hematopoietic stem cells and for maintaining the func-
tionality and maturation of T cells***. MAS2, the Arabidopsis ortholog
of OsNKAP, is essential for embryo development, as its null alleles
result in embryonic lethality. Interestingly, researchers used MAS2 as a
bait protein and similarly identified CXIP4, the homolog of ELD1, but
their interaction was not further validated®. Protein alignment
revealed that OsNKAP and its orthologous proteins have an RS-
enriched region at the N-terminal, a basic region in the middle, and a
conserved SynMuv domain at the C-terminal in both animals and
plants (Supplementary Fig. 4a). To determine the interact region
between ELD1 and OsNKAP, we generated different truncated variants
of ELD1 and OsNKAP and tested their interaction using yeast two-
hybrid assay. The results showed that the interaction between ELD1
and OsNKAP is highly dependent on the RS-enriched C-terminal region
of ELD1 (Fig. 3a) and that the basic region (aal61-349) in the middle of
OsNKAP is indispensable for its interaction with ELD1 (Supplementary
Fig. 4b). The interaction between ELD1 and OsNKAP was verified
through bimolecular fluorescence complementation (BiFC) assays in
N. benthamiana leaf epidermal cells and co-immunoprecipitation (Co-
IP) assay in rice protoplasts (Fig. 3b, c). Interestingly, we found that the
molecular weight of the OsNKAP protein is higher than predicted,
possibly due to post-translational modifications or other biochemical
alterations. Subcellular localization analysis revealed that OsNKAP was
also localized in nuclear speckles in root cells of the p35S: OSNKAP-GFP
transgenic plants, mirroring the localization of ELD1 (Supplementary
Fig. 5a). The co-localization of ELD1 and OsNKAP was further con-
firmed by a transit co-expression of ELD1-GFP and OsNKAP-mCherry in
rice protoplasts (Fig. 3d).

OsNKAP shares similar biological function with ELD1

To investigate the biological function of OsNKAP in rice, we used
CRISPR-Cas9 technology to generate OsSNKAP knockout mutants.
Similar to the situation with ELDI, we did not discover any homo-
zygous null OsNKAP mutants in To. In addition, all the identified pro-
genies of a heterozygous 1-bp deletion line OSNKAP-CRI8 were either
WT or heterozygous, and the segregation fit a 1:2 ratio (x*=0.07,
P> 0.05) (Supplementary Fig. 5b), suggesting null mutation of OSNKAP
also results in embryo lethality. Intriguingly, we identified a homo-
zygous edited line, OSNKAP-CR162, which has 162 bp deletion, resulting
in 54 amino acids missing, and the homozygous OsNKAP-CR162 line
flowered 4 days earlier than the WT (Fig. 3f, g). We also knocked down
OsNKAP through RNAi technology. Three independent RNAi lines were
generated, in which OsNKAP expression was reduced to 15%-34% of
WT levels. Under NLD conditions in Nanjing, all these lines exhibited
3-5 days earlier flowering phenotypes than the WT (Fig. 3e-g). How-
ever, no obvious phenotypic changes were observed under NSD con-
ditions in Hainan (Supplementary Fig. 5c, d). These findings indicate

that OsNKAP is also an essential gene for survival and acts as a flow-
ering suppressor in rice, just like ELDI.

Both ELD1 and OsNKAP interact with the spliceosome complex
components

NKAP is an RS-related protein in humans, characterized by a domain rich
in arginine and serine residues. Proteins containing RS domains, RS-like,
and RS-related proteins have been reported to play important roles in
RNA metabolism”?°. Additionally, recent studies have reported that
NKAP interacts with splicing factors and regulates constitutive
splicing®?°. Given that ELD1 interacts with OsNKAP, and both of them
are localized in nuclear speckles, we tested potential interactions
between ELD1 and core splicing factors. As expected, ELD1 exhibited a
strong interaction with U1-70K and U2AF65A, and a weaker interaction
with U2AF65B in the yeast two-hybrid assay (Fig. 4a). Additionally, both
luciferase complementation imaging (LCI) and BiFC assays confirmed
the interaction between ELD1 and Ul-70K, U2AF65A, and U2AF65B
(Fig. 4c). Notably, the interactions exhibit a nuclear speckle localization
(Supplementary Fig. 6a). Furthermore, the in vivo Co-IP assay demon-
strated efficient co-precipitation of ELDI-GFP with U1-70K, U2AF65A,
and U2AF65B, while the free-GFP control did not exhibit any interaction
(Fig. 4b). These results suggest ELD1 physically interacts with core spli-
cing factors. Consistently, ELD1 co-localized with Ul-70K and U2AF65A
in nuclear speckles in rice protoplasts (Fig. 4d). Similarly, we found that
OsNKAP also interacted with U1-70K, U2AF65A, and U2AF65B, just like
ELD1. Additionally, OsNKAP interacted with two other core factors,
U2AF35B and U2AF35C (Fig. 4a and Supplementary Fig. 6b).

In eukaryotic organisms, the spliceosome is a dynamic complex
composed of small nuclear RNA (snRNA) and large number of RNA-
binding proteins®. To confirm whether ELD1 functions as a constituent
of the spliceosome and interacts with snRNAs, we performed an RNA
immunoprecipitation qPCR (RIP-qPCR) assay using pUBI:ELDI-FLAG/
eldI transgenic plants, which perfectly complement the early flowering
phenotype of eldl. Following immunoprecipitation, RT-qPCR was con-
ducted using specific primers to detect the enrichment of snRNA. As
expected, the FLAG beads effectively enriched U1, U2, U4, U5, and U6
snRNAs. As a control, no significant enrichment of U3 snRNA was
observed (Fig. 4e). This result suggests that ELDI1 interacts with mRNA
splicing components, including not only the core splicing factors but
also the snRNAs.

ELD1 regulates OsCCA1 splicing

We next investigated whether ELDI1 regulates mRNA splicing by con-
ducting a deep full-length RNA-seq analysis to compare genome-wide
AS between WT and eldl mutants. Samples from 40-day-old seedlings
grown under CLD conditions were collected at ZTO. Among the three
independent biological replicates, we identified 1611 significantly dif-
ferent transcripts across 1114 genes loci in the eld1 mutants compared
to WT. Gene Ontology (GO) analysis revealed significant enrichment in
biological processes such as mRNA processing, RNA splicing, and
chromatin organization among the differentially spliced genes (Sup-
plementary Fig. 7). To validate the full-length RNA-seq result, we
selected six genes (Ehd4, RSZ21A, UVRS, U2AF65, YTHOS, JAZI) with
significantly different AS patterns for RT-qPCR analysis. Using specific
primers, we found that RSZ2IA, and UVRS8 exhibited significantly
decreased splicing efficiency in the eldI mutant compared to the WT,
while Ehd4, U2AF65, YTHOS, and JAZI show a significant increase of
splicing efficiency (Supplementary Fig. 8).

OsCCAI (also known as OsLHY or Nhdl) encodes a conserved
MYB domain-containing transcription factor, which acts as the cen-
tral oscillator of the circadian clock and has been reported to parti-
cipate in multiple biological processes of plant growth and
development, including flowering time’?>, Strikingly, the full-
length RNA-seq analysis revealed over 60 splicing isoforms present
in the 5 untranslated region (5UTR) and CDS of OsCCAI
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Fig. 3 | OsNKAP interacts with ELD1 and suppresses flowering in rice. a The
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(82-205), and ELD1-C regions are indicated; The ZCCHC domain was marked in
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thamiana cells. The inset images show the magnified portions of recombinant
YFP signal. D53-mCherry serving as nuclear marker. Scale bars, 10 um. ¢ Co-
immunoprecipitation (Co-IP) assays in rice protoplasts show that ELD1 can
interact with OsNKAP. Immunoprecipitated samples were detected using anti-HA
and anti-FLAG antibodies, respectively. The symbols “+” represent presence
corresponding construct; symbols “~” represent free construct. Three

independent experiments were performed with similar results. d ELD1-GFP co-
localizes with OsNKAP-mCherry in rice protoplasts, and exhibited nuclear
speckles localization. Free GFP was used as the control, Scale bars, 5 um. e RT-
qPCR analysis OsNKAP expression level in WT, OSNKAP-CR162, and three OsNKAP-
RNAi lines. Samples were collected from 20-day-old seedlings grown under CLD
conditions at ZTO. Values are presented as means + SD (n =3 biological repli-
cates), two-sided Student’s t-test was used to calculate P values. f Phenotypes of
WT, OsNKAP-CR162, and three distinct OsNKAP-RNAI lines at heading stage
growth in Nanjing. Scale bars, 10 cm. g Days to flowering of WT, OsNKAP-CR162,
and three independent OsNKAP-RNA. lines in Nanjing. Values are presented as
means + SD (n =10 biological replicates), two-sided Student’s t-test was used to
calculate P values.
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localization of ELD1-GFP with U1-70K-mCherry and U2AF65A-mCherry in rice pro-
toplasts. Scale bars, 5 um. e RNA immunoprecipitation followed by qPCR (RIP-
gPCR) assay demonstrating the binding affinity of ELD1 protein to snRNAs in vivo.
The pUBI:ELDI-FLAG/eldI transgenic seedlings grown for 10 days under CLD con-
ditions were used. Samples were immunoprecipitated with anti-FLAG Magnetic
Beads or the IgG control. UBQ gene serving as an internal control. Values are pre-
sented as means + SD (n =3 biological replicates). The asterisks indicate significant
differences from IgG control using the two-sided student’s ¢-test (**P < 0.01).

(Supplementary Fig. 9) and three significant different splicing events
between eldl and WT at the OsCCAI loci. These include an alternative
3’ splice site, designated as A3SS1, and two IR sites, designated as
IRSI and IRS2, respectively (Fig. 5a). Both A3SS1 and IRS1 are located
in the 5’'UTR region of OsCCAI while IRS2 is positioned within the
CDS, and IR results in an increase of 30 amino acids in the encoded
protein (Supplementary Fig. 10a-d). The differential AS events were
validated by semi-quantitative RT-PCR (sqRT-PCR) (Fig. 5b and Sup-
plementary Fig. 10a). RT-qPCR analysis revealed that eldI mutants

and three independent ELDI-RNAi lines exhibited a significantly
reduced A3SSl1 splicing ratio (2~ 5% vs. 8.6%) compared to the WT,
while showing a significantly higher IR ratio at IRS1 (70 ~ 90% vs 46%)
and IRS2 (23-36% vs 15%) compared to WT (Supplementary
Fig. 11a-d).

Given that many other splicing factors also have abnormal spli-
cing pattern in the eldl mutant, we hypothesize that the observed
defect in OsCCAI splicing in eldI could be a secondary effect caused by
defects in these splicing factors. To test this notion, we employed RIP-
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Fig. 5| ELD1 regulates AS of OsCCAL. a The Sashimi plot from the Integrative
Genomics Viewer (IGV) illustrates three distinct alternative splicing sites of OSCCA1,
highlighting differences between the WT and eldI mutant. b sqRT-PCR analysis of
A3SS1, IRS1 and IRS2 splicing pattern of OsCCAI in WT, eldI and three ELDI-RNAi
lines. Using cDNA as a template, the sqRT-PCR primers (ACTIN, A3SS1, and IRS1)
amplify the target regions along with adjacent constitutive introns, with genomic
DNA (gDNA) serving as a control. All the sqRT-PCR reactions run for 27 cycles,
except for A3SS1, which runs for 28 cycles due to its relatively low isoform
expression. Samples were collected from 20-day-old seedlings grown under CLD
conditions at ZTO. More than three independent experiments were performed with
similar results. ¢ Rhythmic expression of OSCCAI over 24 h in WT and eld1 mutant,
detected by RT-qPCR in the leaves of 40-day-old plants grown under CLD

conditions. Values are means + SD (n =3 biological replicates). d-f The rhythmic
splicing pattern of A3SS1 (d), IRS1 (e), and IRS2 (f) was detected by RT-qPCR in both
WT and eld1. Total RNA was extracted from 40-day-old plants under CLD condi-
tions. Values are presented as means + SD (n =3 biological replicates). g Rhythmic
expression of OSCCAI over 24 h in WT and eld1 mutant, detected by RT-qPCR in the
leaves of 27-day-old plants grown under CSD conditions. Values are means + SD
(n =3 biological replicates). h-j The rhythmic splicing pattern of A3SS1 (h), IRS1 (i)
and IRS2 (j) detected by RT-qPCR in WT and eld1. Total RNA was extracted from 27-
day-old plants under CSD conditions. Values are presented as means +SD (n=3
biological replicates). For (c-fand h), Asterisks indicate significant differences from
WT using the two-sided Student’s t-test (*P < 0.01, *P< 0.05).

gPCR to determine whether ELD1 can bind to OsCCAI mRNA. The
results demonstrated that FLAG beads can effectively enriched OsCCA1
mRNA from the cell homogenate of pUBI:ELDI-FLAG/eldl transgenic
plants (Supplementary Fig. 11e). These findings indicate that ELD1 can
directly bind to OsCCAI mRNA and regulate its AS. Moreover, RT-qPCR
analysis showed that the AS patterns of A3SS1 and IRS1, but not IRS2, in
three independent OSNKAP-RNAI lines were similar to those observed
in eldI and ELDI-RNA. lines (Supplementary Fig. 11f-h). It is possible
that other splicing factors other than OsNKAP that collaborate with
ELD1 to regulate the AS of IRS2.

Interestingly, we observed that the splicing efficiency of the three
AS sites followed a circadian rhythm in both WT and the eldI mutant
under CLD conditions, with IR peaking around ZTO and reaching its

lowest level around ZT12, aligning with the transcriptional oscillation
pattern of OsCCAI (Fig. 5c-f). Under CSD conditions, the splicing
efficiency of IRS1 and IRS2 continued to exhibit rhythmic fluctuations,
with IR peaking at ZT16 and reaching its lowest point at ZT8. However,
the splicing efficiency of A3SS1 did not display a clear rhythmic pattern
under CSD conditions (Fig. 5g—j). In addition, we noticed that the
splicing efficiency at the A3SS1 site still showed a significant difference
between WT and the eldI mutant (Fig. 5h). However, the difference in
splicing efficiency at IRS1 and IRS2 was eliminated under CSD condi-
tions (Fig. 5i, j). These suggest the ELD1 dependent OsCCAI splicing is
regulated by photoperiod, which may explain why the eldl mutant
does not exhibit a distinct flowering time phenotype under short-day
conditions in Hainan.
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Fig. 6 | ELD1 regulates flowering time through OsCCA1-Hd1 pathway.

a Phenotypes of WT, eld1, osccal, eldI osccal, hdl, eld] hd1 and eld1 hd1 osccal at
heading stage growth in Nanjing NLD conditions. Scale bars, 10 cm. b Days to
flowering of WT, eld1, osccal, eldl osccal, hdl, eld1 hdl and eld1 hdI osccal in
Nanjing NLD conditions. Values are presented as means + SD (n =12 biological
replicates). Different letters were used to denote statistically significant differences,

which were determined using one-way ANOVA with Tukey’s multiple comparisons
test (P< 0.05). c-e Expression of Hdl and two florigens genes in WT, eldl, osccal,
and eldI osccal detected by RT-qPCR. Samples were collected from 40-day plants
grown under CLD conditions. Values are presented as means + SD (n =3 biological
replicates).

To investigate whether E£LD1 exhibits a rhythmic expression pat-
tern similar to OsCCAI, 24-day-old seedlings grown under CLD condi-
tions were subjected to continuous light treatment. The results
showed that ELDI displayed a rhythmic expression pattern similar to
that of OsCCA1. Under free-running conditions, both OsCCAI and ELD1
maintained rhythmic expression, although the amplitude was sig-
nificantly reduced (Supplementary Fig. 12). These findings suggest that
ELD1 rhythmically regulates the splicing efficiency of OsCCAI.

ELD1 regulates flowering time via the OsCCA1-Hd1 module

Previous studies have elucidated the role of OsCCAl in regulating
flowering time by modulating the rhythm transcription of HdI"**. To
investigate the genetic relationship between ELD1, OsCCAl, and key
flowering regulators, we generated osccal mutant and eldl osccal
double mutant through genome editing. The osccal mutant, harboring
a frameshift mutation, showed a strong late-flowering time phenotype,
delayed by up to 27 days, and the eldI osccal double mutant showed a
similar flowering time with the osccal single mutant (Fig. 6a, b and
Supplementary Fig. 13c), suggesting that OsCCAI is epistatic to ELDI in
the regulation of flowering time. Consistently, the two florigen genes
Hd3a and RFTI exhibited increased expression in eldl compared to
WT, but decreased expression in osccal and eldI osccal backgrounds
(Fig. 6c, d). Additionally, we also generated eldl hdl and eldl ghd7
double mutant and eld1 hdI osccal triple mutant, and found that the
eld1 hd1 double mutant and eld1 hd1 osccal triple mutant exhibited the

same flowering time as the hdI single mutant. However, the eld1 ghd7
double mutant displayed an extremely early flowering phenotype
compared to either ghd” or eldl single mutant (Fig. 6a, b and Sup-
plementary Fig. 13a-e). These observations suggest ELDI and Hdl
function in the same genetic pathway, but acts independently of Ghd7
to control flowering time. Consistently, RT-qPCR analyses revealed
upregulation of HdI expression in the osccal mutant and eld1 osccal
double mutant, suggesting a negative effect of OsCCAI on Hdl
expression. However, downregulation of HdI expression was observed
in the eld1 mutant (Fig. 6e), suggesting a positive effect of ELDI on Hd1
expression. These results, together with the genetic interaction data,
strongly support that ELDI represses the function of OsCCA1 and
regulates rice flowering time through modulating the expression
of Hd1.

ELD1 is involved in phytochrome signaling to mediate AS of
OsCCA1

It has been reported that RNA splicing and mRNA processing GO terms
were significantly enriched among phytochrome-mediated AS genes
during the early light response in Arabidopsis***°. The observation that
these GO terms are also enriched in the ELDl-mediated AS events
suggests a potential correlation between ELD1 and the phytochrome-
mediated AS process (Supplementary Fig. 7). We thus tested whether
there is direct interaction between ELD1 and phyB. BiFC assays
demonstrated that ELDI1 interacts with phyB in N. benthamiana cells
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Fig. 7 | ELD1 interacts with phyB to regulate OsCCAI AS. a BiFC analysis revealed
the interaction between ELD1 and phyB in N. benthamiana cells. The inset images
display the magnified portions of YFP signal. U1-70K mCherry serving as nuclear
speckles marker, Scale bars, 10 um. b The in vivo Co-IP assay confirms the inter-
action between ELD1 and phyB in N. benthamiana. The immunoprecipitated sam-
ples were detected using the anti-GFP and anti-FLAG antibodies. The symbols “+”
represent presence corresponding protein; symbols “~” represent empty con-
struct. Three independent experiments were performed with similar results. ¢ The
AS pattern of A3SS], IRS1, and IRS2 detected by sqRT-PCR after 2 h of red-light
treatment in WT and phyB™?. Continuous dark treatment serves as control. More
than three independent experiments were performed with similar results. d-f The
AS pattern of A3SS1 (d), IRS1 (e), and IRS2 (f) detected by RT-qPCR after 2 h of red-

light treatment in WT and eldI mutant. The indicated genotypes of 10-day-old
seedlings were grown under CLD conditions, pretreated with darkness for 48 h, and
then exposed to red light for 2 h. Continuous dark treatment serves as a control.
Values are presented as means + SD (n =3 biological replicates). g RIP-qPCR assay
shows the in vivo binding affinity of ELD1 to OsCCAI mRNA. pUBI:ELDI-FLAG/eld1
transgenic seedlings grown for 10 days under CLD conditions were pretreated with
darkness for 48 h, and then exposed to red light for 2 h. Continuous dark treatment
serves as the control. Samples were immunoprecipitated with anti-FLAG Magnetic
Beads. UBQ gene serves as an internal control. Values are presented as means + SD
(n=3 biological replicates). For (d-g), two-sided Student’s ¢-test was used to cal-
culate P values.

and colocalizes with the splicing factor U1-70K (Fig. 7a). Additionally,
the in vivo Co-IP assay also showed an efficient co-precipitation of
ELD1-GFP with phyB-FLAG (Fig. 7b). Furthermore, the LCI assay
revealed that the interaction between ELD1 and phyB is light-
dependent (Supplementary Fig. 14a).

To determine whether phyB is involved in the AS of OsCCAI, we
examined the 10-day-old WT and a phyB stop-gain mutant phyB™?*
grown under 28 °C CLD conditions. The seedlings were pretreated in
darkness for 48 h, and then exposed to red light, with continuous dark
treatment serving as a control to eliminate circadian clock inter-
ference. RT-qPCR and sqRT-PCR results indicated that a 2-h red-light
treatment significantly increased the IR ratio at the IRS1 and IRS2 sites
of OsCCAI (Fig. 7c-f), while decreasing the AS ratio at A3SS1 site in WT
(Fig. 7d). This effect was not observed in phyB™? mutant, suggesting
that phyB also regulates the red-light dependent AS of OsCCAI (Fig. 7¢
and Supplementary Fig. 14b-d).

To investigate whether this red-light regulated AS of OsCCAI is
dependent on ELD1, we detected the AS of OsCCAI at the A3SS], IRS1,
and IRS2 in both WT and eldI mutant after red-light treatment. RT-
gPCR analysis revealed that, after 2 h red-light treatment, the AS ratio
at A3SS1 significantly decreased, and the IRS2 IR ratio significantly
increased compared to continuous darkness in WT, but similar chan-
ges were not observed in eldl (Fig. 7d, f). These findings suggest that
ELD1 plays an important role in phyB mediated AS of OsCCAI. Notably,

the IR ratio at IRSI site was significantly increased after red-light
treatment both in WT and eld1, but the fold change in eldI was notably
lower (Fig. 7e), suggesting that other factors may also mediate red-
light regulated AS of OsCCAI at specific sites.

The change of OsCCAI AS pattern after red-light treatment is
similar to that of eldl mutant, suggesting that phyB may exert a
repressive effect on the regulatory function of ELD1. To determine how
red-light affects the function of ELD1, we conducted immunoblot
analysis to detect protein accumulation of ELD1 in pUBLELDI-FLAG/
eldl transgenic seedling exposed to red light for different durations,
and red-light seems not to affect the stability of the ELD1 protein
(Supplementary Fig. 14e). Further, ELD1 protein still forms nuclear
speckles in root cells of dark grown etiolated p35S:ELDI-GFP transgenic
seedlings (Supplementary Fig. 14f), suggesting red-light also not
affects the subcellular localization of ELD1. However, the RIP-qPCR
assay showed that ELD1 co-immunoprecipitated less OsCCAI mRNA
after exposed to red light 2 h compared to darkness (Fig. 7g). These
results indicate that phyB may repress the ELD1 RNA-binding activity to
regulate OsCCAI AS.

To examine the genetic relationship between ELD1 and phyB, we
crossed eld1 with the phyB™* mutant to generate eld1 phyB™* double
mutant. Phenotypic analyses showed that phyB™? exhibited pro-
nounced dwarfism compared to WT at the 15-day-old seedling
stage growing under CLD conditions. However, the plant height of eld1
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phyB ™ double mutant showed remarkable recovery (Supplementary
Fig. 15a, b), demonstrating that ELDI is epistatic to phyB regarding
seedling phenotype. Surprisingly, the eldl phyB™** double mutant
displayed an extremely early flowering phenotype that exceeded the
combined additive effects of eldI and phyB™? under NLD conditions
(Supplementary Fig. 15c, d). These findings suggest that phyB geneti-
cally interacts with ELD1 to regulate rice flowering, and may control
flowering through multiple pathways in addition to ELD1.

Manipulating ELD1 activity is advantageous for rice breeding
Earlier flowering is desired trait in rice breeding for expanding the
elite cultivars to higher latitudes. To evaluate the value of the eld1
weak mutant alleles in rice breeding, we thoroughly investigated its
agronomic traits. Compared to WT, eldl showed a normal seed set-
ting rate, a 5.7% reduction in plant height, and a 14% reduction in
grain number, but grain length and 1000-grain weight remarkably
increased. Ultimately, the yield of eldI plot was only reduced by 5.9%
compared to WT. However, when the yields were adjusted for their
growth durations, there is no significant difference in daily grain
production between eldl and WT (Supplementary Fig. 16a-c and
Table 3). We also investigated the agronomic traits of the ELDI-RNAi
lines, which show similar results to the eldI mutant (Supplementary
Table 3). This suggests a promising prospect for utilizing ELDI in rice
breeding.

Thus, we employed the CRISPR-based cytosine base editors (CBE)
to mimic the C to T mutation found in the eldI mutant. We successfully
generated four distinct editing lines harboring the designed C to T
mutation with different accessory mutations within the editing win-
dow (CBE#2 to CBE#5), resulting in two types of amino acid variations.
These four transgenic lines exhibited a phenotypic similarity to the
eldl mutant, characterized by early flowering and a normal seed setting
rate in Nanjing (Supplementary Fig. 16d-f). To evaluate the field per-
formance of eldl and four CBE lines in higher latitudes, we planted
these lines at Beijing (E118°28" N40°00’). The WT plants flowered too
late, encountered frost stress at the grain-filling stage, resulting in
failure to mature and nearly no harvest. The eld1 and four CBE lines
flowered approximately 22 days earlier than the WT, they were able to
mature and be harvested normally (Fig. 8a-d). The same strategy was
applied on another elite cultivar, Ningjing 7. As expected, we suc-
cessfully generated five distinct editing lines that flowered 13-15 days
earlier than Ningjing 7 in Nanjing (E118°46” N32°03’) (Supplementary
Fig. 16g-i).

We also examined the natural variation of ELD1 in rice germ-
plasms, SNP data of 844 accessions were obtained from previously
published studies”. Based on two nonsynonymous SNPs (SNPI,
SNP3) and one synonymous SNP (SNP2) in the coding region, ELD1
can be classified into four haplotypes (Hapl-Hap4). Among these
haplotypes, Hap2 carries a natural variation at SNP3, resulting in an
amino acid substitution from Arginine (Arg) to Lysine (Lys) at
position 280 (Supplementary Fig. 17a). Amino acid alignment ana-
lysis revealed that this Arg is highly conserved across different
species (Supplementary Fig. 2b). Flowering time analysis indicated
that Hap2 exhibited significantly delayed flowering compared to the
other haplotypes under long-day conditions in Nanjing. However,
under short-day conditions in Hainan, no significant difference in
flowering time was observed between Hap2 and Hapl, although
Hap2 exhibits a slightly delayed flowering time compared to Hap3
and Hap4 (Supplementary Fig. 17b). These findings align well with
the absence of a significant phenotype in the eldI mutant under
short-day conditions, further supporting the conclusion that FLD1
regulates rice flowering time specifically under long-day conditions.
Therefore, manipulating ELD1 activity through targeted mutations
at key amino acid sites, such as the mutated site in eldI or SNP3 in
natural variation, holds promise for crop improvement and pro-
vides an approach for utilizing essential genes in breeding.

Discussion

AS is an important post-transcriptional regulatory process that can
diversify the transcriptome and proteome in eukaryotes. Although AS
of flowering time genes has been observed in Arabidopsis®™*°, the
mechanisms by which AS is regulated and how it integrates various
developmental and environmental signals into flowering pathways
remain unclear. In this study, we identified ELD1 as a CCHC-type zinc
finger protein, and its partial loss of function leads to early flowering at
LD in rice. ELD1 interacts with OsNKAP and core splicing factors to
regulate global AS. The ELD1-containing spliceosome complex directly
binds to and regulates the rhythmic AS of OsCCAI. Additionally, phyB
physically interacts with ELD1 in a light-dependent manner, and inhi-
biting its binding to OsCCAI pre-mRNA. This phyB-ELD1-OsCCAl
module represents a previously unrecognized photoperiodic flower-
ing pathway, through which ELD1 mediates light signaling to modulate
the circadian clock via AS of central clock gene.

In mammals, NKAP has been reported as a multifunctional protein
that regulates numerous physiological processes and diseases. It par-
ticipates in pre-mRNA splicing, chromosome alignment, and transcript
regulation”?**!, However, the function of NKAP family in rice remain
unclear. Here, we found that knockout of OsNKAP in rice leads to
embryonic lethality, consistent with observations in mammals and
Arabidopsis, where deletion of NKAP in hematopoietic stem cells and
Treg cells leads to cell death***>*, and null alleles of MAS2 (the Ara-
bidopsis ortholog of NKAP) cause embryonic lethality*. The ZCCHC
superfamily proteins were widely found in various species, but most of
their biological functions remain unclear***. In this study, we show
that ELDI1 interacts with the core splicing factors to regulate AS in rice
(Fig. 4a—c), and null allele of ELDI also results in embryonic lethality.
Consistent with these findings, a recent study showing that depletion
of CXIP4, the Arabidopsis ortholog of ELDI, leads to lethality and pre-
mRNA missplicing*®. This suggests an essential role for OsNKAP and
ELD1 in plant viability. Interestingly, both the eldI and the osnkap weak
alleles obtained in this study exhibit early flowering phenotypes, pro-
viding an opportunity to shed light another layer of their functions on
the photoperiod flowering and adapt to the environment changes.
Recent research has revealed cigarette smoke condensate enhanced
NKAP binding to the pri-miR-25 m°A site and promoted its maturation,
ultimately facilitating pancreatic cancer progression®’. Similarly, NKAP
also has been reported safeguards glioblastoma cells against ferrop-
tosis by regulates SLC7A11 mRNA splicing dependent m°A
modification®®. It’s worth exploring whether the ELD1 and OsNKAP
complex regulate pre-mRNA splicing in rice is an m°A-dependent
manner in the future.

Circadian clocks in numerous organisms predominantly function
through intricately interconnected transcriptional regulatory feed-
back loops*®*°. Meanwhile, diverse post-transcriptional regulatory
processes, including AS, are also important for maintaining circadian
homeostasis. AS of clock genes has been extensively observed in
Arabidopsis*®**°, but the biological significance and the regulatory
mechanism remain largely unknown. In the eldI mutant, we identified
three significantly defective splicing events at the OsCCAI locus
(Fig. 5a). The altered splicing pattern of OsCCA1 disrupts the rhythmic
expression of Hd1, resulting in the early flowering phenotype observed
in eld1. These findings offer valuable insights into how specific splicing
regulators modulate the AS of clock genes. Both A3SS1 and IRSI sites
are located in the 5’UTR, which encompasses a multitude of elements,
such as internal ribosome entry sites, upstream open reading frames,
and structural components involved in regulating mRNA stability™ .
The IRS2 site is located in the coding region, and its retention results in
an additional 30 amino acid residues of the encoded protein. Our full-
length RNA-seq analysis revealed abundant splicing isoforms present
in OsCCA1, making it challenging to dissect the functions of individual
isoforms (Supplementary Fig. 9). The molecular mechanism by which
AS of OsCCAI affects its function needs further investigation in the
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Fig. 8 | Breeding utilization of ELD1 through CRISPR-based cytosine base edi-
tors (CBE) and a proposed working model of ELD1. a Phenotypes of WT, eld1 and
four independent CBE editing lines at heading stage during growth in Beijing NLD
conditions. Scale bars, 10 cm. b Panicle maturity of WT, eld1, and four independent
CBE editing lines at the time of harvest in Beijing. Scale bars, 2 cm. ¢ Days to
flowering of WT, eldI and the CBE editing lines in Beijing NLD conditions. Values are
presented as means + SD (n =12 biological replicates). Different letters were used to
denote statistically significant differences, which were determined using one-way
ANOVA with Tukey’s multiple comparisons test (P < 0.05). d Brown rice of WT, eld],
and CBE editing lines at the time of harvest in Beijing. The WT failed to mature and
nearly no harvest, while eld1 and four CBE lines were able to mature and be

harvested normally. e The working model of ELD1 in regulating photoperiodic
flowering. ELD1 interacts OsNKAP and core splicing factors to regulate global AS.
The ELDI-containing spliceosome complex directly binds and regulates the
rhythmic AS of OsCCAI. Additionally, phyB physically interacts with ELD1 in a light
dependent manner, inhibiting its binding to OsCCAI pre-mRNA. This regulation
ensures appropriate OsCCALl activity and a properly tuned circadian clock, result-
ing in high HdI transcription and prolonged flowering at LD. In the eldI mutant, the
OsCCAI has aberrant splicing pattern at A3SS1, IRS1, and IRS2 sites. These aber-
rantly spliced forms of OsCCA1 strongly suppress HdI transcription, leading to the
activation of downstream florigen genes and ultimately causing early flowering.

future. Precisely editing these AS sites using CRISPR-Cas systems may
be an effective approach.

Light signals induce physiological responses by regulating gene
expression at both transcriptional and post-transcriptional levels.
Recent studies have shown that light can trigger pre-mRNA AS cas-
cades. Deep RNA-seq analysis has also revealed that early red-light

treatment induces AS of circadian clock genes”. However, there are
only scattered clues about how light regulates AS in plants. For
example, SUPPRESSOR-OF-WHITE-APRICOT1 (SWAP1)-SPLICING FAC-
TOR FOR PHYTOCHROME SIGNALING (SFPS)-REDUCED RED LIGHT
RESPONSES IN CRYICRY2 BACKGROUND 1 (RRC1) splicing factor
complex facilitates red-light-induced AS by physically interacting with
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phyB**~¢, Additionally, the interaction between CRY2 INTERACTING
SPLICING FACTOR 1 (CIS1) and the blue-light receptor cryptochrome 2
(CRY2) has been shown to regulate the AS of FLOWERING LOCUS M
(FLM)>. AtPRMTS5, UAP56, and DCS1 have been reported to work in
concert with the E3 ubiquitin ligase CONSTITUTIVELY PHOTO-
MORPHOGENIC 1 (COP1) to regulate pre-mRNA splicing during red-
light response®****°, In this study, we obtained several pieces of evi-
dence supporting that ELD1 is a splicing factor involved in phyto-
chrome signaling. Firstly, although quite a lot of AS sites were
discovered in OsCCA1, the AS sites regulated by red light align with
those of ELD1 (Fig. 7d-f), indicating a close functional relationship
between them. Secondly, photoactivated phyB physically interacts
with ELD1 and represses its RNA-binding activity. Thirdly, GO terms
associated with RNA processing and RNA splicing were enriched in
ELDI1-mediated AS genes (Supplementary Fig. 7), consistent with the
previously reported enriched GO terms in light-induced AS?*%°°,
These results suggest that ELD1 may function as a potential splicing
factor in mediating pre-mRNA splicing during light responses in rice.

Notably, ELDL1 is epistatic to phyB at the seedling stage, support-
ing its role in mediating red light signaling during this phase. However,
the eldl phyB™** double mutant exhibited an exceptionally early
flowering phenotype that surpassed the combined additive effects of
eldl and phyB™%, indicating a genetic interaction distinct from that
observed at the seedling stage (Supplementary Fig. 15a-d). This phe-
nomenon can be attributed to phyB’s involvement in regulating flow-
ering time through ELDI1-independent pathways. For example, phyB
has been shown to positively regulate Ghd7 at the transcriptional level
and directly interact with, and stabilize GHD7 at the protein level®®%,
This notion is further supported by the genetic evidence suggesting
that ELDI represses rice flowering independently of Ghd7 in this study
(Supplementary Fig. 13a, b).

Essential genes are crucial for an organism’s survival, playing
pivotal roles in fundamental cellular processes. A significant number of
essential genes have been identified in the genomes of plants and
animals®*®*, In crops, null mutants of these genes often result in leth-
ality or poor agronomic traits, which makes it challenging to utilize
essential genes in crop breeding. In this study, we found that knocking
out either ELD1 or OsNKAP in rice leads to embryonic lethality, indi-
cating both are essential for rice survival. An interesting finding is that
the eld1 in our study, which is a partial loss of function mutant, exhibits
normal development except for early flowering. This suggests that the
residual activity in eld1 may be sufficient to support most biological
processes. The eldl mutant flowers 10 days earlier, with slightly
reduced plant height and grain number, but increased grain length and
weight. Ultimately, this results in only a 5.9% reduction in plot yield,
leading to a daily yield comparable to that of WT in Nanjing. This offers
an effective way to utilize essential genes in crop breeding. Indeed, we
successfully mimicked the eldI allele in two elite cultivars (Ningjing 4
and Ningjing 7) using CRISPR-based CBE, and both exhibited early
flowering without significant agronomic drawbacks (Supplementary
Fig. 16d-i). These edited lines can flower and set seeds before low
temperatures arrive in autumn, allowing them to be planted in higher
latitudes, thereby expanding the cultivation range of these elite culti-
vars. Therefore, manipulating the activity of ELD1 holds promise for
crop improvement and provides insights into essential genes function
research.

Methods

Plant materials and growth conditions

The eldl mutant was identified from an EMS pool of japonica rice
cultivar Ningjing 4. To observe their flowering phenotypes, plants were
grown in paddy fields under natural long-day (NLD) conditions in
Beijing (E118°28’ N40°00’) and Nanjing (E118°46’ N32°03’) and natural
short-day (NSD) conditions in Hainan (E110°18" N18°34’). For molecular
experiments, plants were grown in light incubators under controlled

long-day (CLD, 14 h light /10 h darkness at 28 °C) and controlled short-
day (CSD, 10 h light /14 h darkness at 28 °C) conditions, light intensity
of approximately 800 umol/s/m? and a relative humidity of 70%. For
red-light treatment, approximately 120 umol/s/m? red light intensity.
To assess agronomic traits, the WT, eldI mutants and three ELDI-RNAi
lines were grown in paddy fields under NLD conditions in Nanjing. The
yield per plot was measured after harvesting and drying the seeds. Six
plots, each containing 20 plants, were established for both the WT and
eldl mutant to assess plot yield.

Bulked segregant analysis to cloning ELD1

To identify the candidate gene causing the early flowering time phe-
notype, we crossed the eldI mutant with WT to generate an F, popu-
lation. After assessing the flowering time of each individual, 30 plants
exhibiting extremely early flowering and 30 plants with extremely late
flowering were selected from a total of 171 F, individuals to form the
early and late bulks. Genomic DNA was extracted from each bulk using
the CTAB method after the leaves were ground in liquid nitrogen. Deep
sequencing was performed to elucidate the causal mutation, gen-
erating 8 Gb of clean data for each bulk. The causal mutation was
identified using a modified MutMap pipeline®.

Vector construction and plant transformation

The 3.9-kb genomic DNA fragment, including a 2.5-kb promoter, the
complete transcribed region of ELDI, and 0.3-kb downstream region,
was cloned into the pCAMBIAI390 vector to generate a com-
plementation construct. The full-length CDS of ELDI was cloned into
the pCUBII390-FLAG and pCAMBIA1305-GFP vectors to generate
FLAG-tagged ELDI and GFP-tagged ELD constructs, respectively. These
constructs were then introduced into Agrobacterium tumefaciens strain
EHA105, and subsequently transferred into eldI mutant. Similarly, the
CDS of OsNKAP was cloned into the pCAMBIA1305-GFP vector to
generate a GFP-tagged OsNKAP construct, which was then transferred
into the WT background. To generate the ELDI-RNAI construct, both
the sense and antisense versions of a 203-bp specific fragment from the
CDS of the E£LDI were amplified with the primer pairs ELDI-RNAI-F and
ELDI-RNAI-R, sequentially cloned into the pCUbi1390-*FAD2 vector. In
the same way, a 196-bp specific fragment from the CDS of OsNKAP was
cloned into pCUbi1390-*FAD2 vector to generate OsNKAP-RNAI con-
struct. The CRISPR-based adenine base editor (ABE) was used to revert
the eld1 mutant site to WT (T" to C"). The specific sgRNA was cloned
into pH-ABE8e-SpRY-esgRNA vector® and transformed into eldl
mutant. The CRISPR-based cytosine base editor (CBE) was used to
generate the eld] alleles in breeding early flowering cultivars. The
specific sgRNA was cloning into pH-CBEA3A-SpRY-esgRNA vector and
transformed into WT (Ningjing 4) and Ningjing 7, respectively. Primers
used to construct the vectors are listed in Supplementary Data 2.

Phylogenetic analysis

The orthologous sequences of ELD1 in Arabidopsis, corn, sorghum,
and other species were downloaded from National Center for Bio-
technology Information (NCBI). The ClustalW program was used to
perform multiple sequence alignment of these proteins. The phylo-
genetic tree was generated using the neighbor-joining method with
1,000 bootstrap replicates in MEGA 6 software. The amino acid
sequences of ELD1 and OsNKAP homologous proteins were aligned
and displayed using DNAMAN software.

Subcellular localization

To analyze the subcellular location of ELD1 and OsNKAP in plants, the
CDS of both genes were cloned into the pCAMBIA1305-GFP vector, and
subsequently transformed into the eld1 mutant and WT, respectively. A
confocal laser scanning microscope (Leica TCS SP8) was used to detect
GFP fluorescence signal in young root (5-day seedlings) of transgenic
plants, with the same genotypes transformed with free-GFP as a
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control. The full-length and various truncated CDS of ELDI were cloned
into the PAN580-GFP vector to determine the subcellular localization
of different domains. All plasmids were co-expressed with the nuclear
marker D53-mCherry in rice protoplasts for 16 h before the fluores-
cence signals were detected using the confocal microscope. For
colocalization analysis, the genes OsNKAP, UI-70K, and U2AF65A were
inserted into the PAN583-mCherry vector and individually co-
expressed with ELD1-GFP in rice protoplasts.

RNA extraction and RT-qPCR

In this study, RNA used for gene expression and AS analysis was
extracted using the Tiangen RNA extraction kit (Tiangen, Beijing, China),
which contains DNase | to digest genomic DNA. Reverse transcription
was performed using oligo-dT primer and PrimeScript II reverse tran-
scriptase (TaKaRa, Shiga, Japan). RT-qPCR was conducted on an ABI
prism 7500 Real-Time PCR System with the SYBR Premix Ex Taq Kit
(TaKaRa, Shiga, Japan). The RT-qPCR primers are listed in the Supple-
mentary Data 2, with the rice UBQ gene serving as an internal control.

Full-length RNA-seq and data analysis

WT and eldl mutant were grown in a light incubator under CLD con-
ditions (14 h light / 10 h darkness). Three independent samples were
collected from each genotype during the ZTO time point of 40-day-old
plants. Total RNA extracted from each sample was treated with RNase-
free DNase | to eliminate genomic DNA. Full-length cDNA was
sequenced using Nanopore’s PromethIlON platform, generating 15 Gb
clean data to ensure a high standard AS analysis. After removing
adapter sequences and filtering low-quality reads, over 98% full-length
reads were aligned to the NCBI rice reference genome (Genome
assembly IRGSP-1.0) using Minimap2 software®’. rMATS-long software
[https://github.com/Xinglab/rMATS-long] was used to detect the sig-
nificant differences (P < 0.05) AS genes between WT and eld1 mutant.
The significant differences transcripts list in Supplementary Data 1. GO
analysis was conducted online using Gene Ontology Resource [https://
www.geneontology.org/].

Yeast two-hybrid assay

The full-length CDS of ELDI was cloned into the pGBKT7 vector and
transformed into the yeast strain AH109. The mating method was
employed to screen for interacting proteins following the Matchmaker
GAL4 Two-Hybrid System manual (Clontech). A cDNA library in the
Y187 yeast strain was prepared from 50-day-old (under CLD condi-
tions) and 27-day-old (under CSD conditions) mixed rice leaves (ZTO,
7ZT4, ZT8, ZT12, ZT16, and ZT20). To confirm the interaction between
ELD1 and OsNKAP, the truncated variants of ELDI were cloned into
pGBKT?7 vector, and the full-length OsNKAP cloned into pGADT7 vec-
tor were co-transformed into yeast strain AH109 individually. To fur-
ther explore potential interactions with splicing factors, FLD1 and
OsNKAP were cloned into the pGADT7 vector, while UI-70K, UIA, UIC,
U2AF35A, U2AF35B, U2AF35C, U2AF65A, U2AF65B were cloned into
pGBKT?7 vector. Combinations with empty pGBKT7 or pGADT7 vectors
were employed as negative controls. Yeast strains carrying these
plasmid combinations were spread evenly onto SD/-Trp/-Leu plates
and subsequently incubated at 30 °C for 3 days. The colonies were
then transferred to SD/-Trp/-Leu/-His/Ade plates and incubated for
additional 3-4 days to verify interactions.

Bimolecular fluorescence complementation (BiFC) assay

To verify the interaction between ELD1 and OsNKAP, the full-length
CDS of ELDI was fused in-frame with the N-terminal of yellow fluor-
escent protein (YFP) in the p2YN vector to generate ELD1-YN, while the
full-length CDS of OsNKAP was fused in-frame with the C-terminal of
YFP in the p2YC vector, resulting in OsNKAP-YC construct. To assess
whether ELD1 and OsNKAP interact with splicing factors, ELDI and
OsNKAP were cloned into p2YN vector, the full-length CDS of UI-70K,

U2AF65A, and U2AF65B were cloned into the p2YC vector to generate
the UI-70K-YC, U2AF65A-YC, U2AF65B-YC constructs. These constructs
were then transformed into A. tumefaciens strain EHA105. Various
combinations and the nuclear marker strains D53-mCherry were co-
infiltrated into young tobacco leaves (N. benthamiana). After 36-48 h,
confocal laser scanning microscope was used to detect the fluores-
cence signals. To confirm the location of the interaction between ELD1
and phyB, we used U1-70K-mCherry as a nuclear speckle marker.

Luciferase complementation imaging (LCI) assay

To confirm the interaction between ELD1 and splicing factors, we
cloned the CDS of ELDI was cloned in-frame with the N-terminal region
of firefly luciferase (nLUC), while the CDS of Ul-70K, U2AF65A, and
U2AF65B were cloned in-frame with the sequence encoding the
C-terminal of firefly luciferase (cLUC). These constructs were trans-
formed into A. tumefaciens strain EHA105, followed by co-infiltration of
various combinations of strains into young tobacco leaves. After
36-48 h, the leaves were harvested and incubated in darkness with
1mM luciferin (adding 1% Triton X-100) for 5min. LUC images were
captured using a low-light cooled CCD imaging system (Tanon 5200).
To investigate the light-dependent interaction between ELD1 and
phyB, we constructed the phyB-cLUC plasmid by fusing the CDS of
phyB with the C-terminus of LUC. Various combinations of strains were
co-infiltrated into two distinct leaves of the same tobacco plant. After
infiltration, one leaf was exposed to light while the other was com-
pletely shielded from light using aluminum foil as the control.

Co-immunoprecipitation (Co-IP)

To confirm the interaction between ELD1 and OsNKAP, we cloned the
full-length CDS of ELDI into the PAN580-FLAG vector to generate the
ELDI-FLAG plasmid, while the full-length CDS of OsNKAP was cloned
into the PAN580-HA vector to generate the OSNKAP-HA plasmid. The
OsNKAP-HA construct was co-transferred with ELDI-FLAG or the
PANS80-FLAG empty vector into rice protoplasts, respectively. The
Co-IP assay was performed as previously described®®. To investigate
whether ELD1 interacts with U1-70K, U2AF65A, U2AF65B or phyB, the
CDS of ELD1 was cloned into the pCAMBIA1305-GFP vector to generate
the ELDI-GFP plasmid. Similarly, the CDS of UI-70K, U2AF65A,
U2AF65B, and PHYB were cloned into the pCAMBIA1300-FLAG vector
to generate the UI-7OK-FLAG, U2AF65A-FLAG, U2AF65B-FLAG, and
phyB-FLAG plasmid, respectively. These constructs were introduced
into the A. tumefaciens strain EHA10S, followed by co-infiltration of
various combinations into young tobacco leaves. After 36 h, the leaves
were harvested and ground in liquid nitrogen. Samples were homo-
genized in extraction buffer [SO mM Tris-MES (pH 8.0), 0.5 M Sucrose,
1mM MgCl,, 10 mM EDTA, 0.1% NP40, 5mM DTT and protease inhi-
bitor cocktail tablets (Roche, 11836170001)], and then incubated with
rotation at 4 °C for 30 min to promote nuclear lysis. After centrifuged
at 13,000 x g for 10 min at 4 °C, the supernatant was collected and
added with 80 pL protein A/G miXx, rotating at 4 °C for 1 h to remove
non-specific proteins and reduce background. Following the removal
of the protein A/G beads, 20 pL of GFP magnetic beads (MBL, D153-10)
were added and incubated at 4 °C for 2 h. The beads were then col-
lected and washed with 2 mL lysis buffer for three times. Then the
beads were boiled in SDS loading buffer at 100 °C for 10 min. Sample
proteins were separated on a 12% SDS-PAGE gel (GenScript, MO0656)
and then detected by immunoblotting using anti-FLAG (MBL; M185-7;
1:5000) and anti-GFP (Abcam; ab6556; 1:5000) antibodies.

RNA immunoprecipitation (RIP) assay

The RIP experiment was carried out as previously described with some
modifications”. Seedlings of ELDI-flag complement lines in eldl
background were grown in climate chamber under LD conditions.
Samples were harvested, cut into small pieces, and cross-linked with 1%
(v/v) formaldehyde for 15min under vacuum. Cross-linking was
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stopped by adding glycine to the final concentration of 125 mM. After
rinsing three times with DEPC water, samples were dried with absor-
bent paper and ground into a fine powder in liquid nitrogen. Then the
samples were thoroughly incubated in Nuclear Extraction Buffer
[10 mM Tris-HCI (pH 8.0), 10 mM MgCl,, 0.4 M sucrose, protease
inhibitor cocktail tablets, 0.1 mM PMSF, and 40 U/mL RNase inhibitor],
and then filtered with Miracloth (Millipore). The filtrate was then
centrifuged at 2000 g to collect the nuclei, and then lysed with the
nuclei lysis buffer [SOmM Tris-MES (pH 8.0), 0.5M Sucrose, 1mM
MgCl,, 10 mM EDTA, 0.1% SDS, 1% NP40, 5 mM DTT, protease inhibitor
cocktail tablet, 0.1mM PMSF and 160 U/mL RNase inhibitor] with
rotation at 4 °C for 30 min. After centrifuging at 13,000 x g for 10 min
at 4 °C, the supernatant was collected and added with protein A/G mix,
rotating at 4 °C for 1h to remove non-specific proteins. Following
discarding protein A/G beads, the FLAG magnetic beads (Sigma,
M8823) or the control protein A/G beads were added and incubated at
4 °C for an additional 2 h. The beads were then collected and washed
with lysis buffer for three times. RNA from the input and bound in
beads was extracted using the Trizol regent (Invitrogen), genomic DNA
was removed with DNase I, and reverse transcription was performed
with random hexamers. RT-qPCR was conducted on an ABI Prism 7500
Real-Time PCR System with the SYBR Premix Ex Taq Kit (TaKaRa).

Accession numbers

The sequences obtained from this study can be downloaded from the
rice genome annotation project [http://rice.uga.edu] using the fol-
lowing accession numbers: ELDI (LOC_0s09g01640); OsNKAP
(LOC_0s09g28220); UIA (LOC_0s05g06280); UIC (LOC_0s02g16640);
UI-70K (LOC_0s10g02630); U2AF35A (LOC_0s02g35150); U2AF35B
(LOC_0s05g48960); U2AF35C (LOC_0s09g31482); U2AF65A (LOC_
Osl1g41820);  U2AF65B  (LOC_Os11g45590); OsCCA1  (LOC_
0s08g06110); Hdl (LOC_0s06g16370); Ghd7 (LOC_0s07gl15770);
PHYB (LOC_0s03g19590).

Statistics and reproducibility

Statistical analysis was assessed as described in the figure legends. P
values were calculated by two-sided Student’s ¢-tests or by one-way
ANOVA with Tukey’s multiple comparisons tests using Microsoft Excel
and GraphPad Prism9. No statistical methods were used to pre-
determine sample size. The experiments were not randomized, and
investigators were not blinded to allocation during experiments and
outcome assessment.

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

Data availability

All other data are included in the manuscript and/ or supporting
information. The full-length RNA-seq data generated in this study have
been deposited in the National Center for Biotechnology Information
under accession numbers PRJNA1181295. Source data are provided
with this paper.
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