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ABSTRACT

N6-Methyladenosine (m6A) is one of the most abundant modifications of eukaryotic mRNA, but its compre-

hensive biological functionality remains further exploration. In this study, we identified and characterized a

newflowering-promoting gene,EARLYHEADINGDATE6 (EHD6), in rice.EHD6 encodes anRNA recognition

motif (RRM)-containing RNA binding protein that is localized in the non-membranous cytoplasm ribonu-

cleoprotein (RNP) granules and can bind both m6A-modified RNA and unmodified RNA indiscriminately.

We found that EHD6 can physically interact with YTH07, a YTH (YT521-B homology) domain-containing

m6A reader. We showed that their interaction enhances the binding of an m6A-modified RNA and triggers

relocation of a portion of YTH07 from the cytoplasm into RNP granules through phase-separated conden-

sation. Within these condensates, themRNA of a rice flowering repressor,CONSTANS-like 4 (OsCOL4), be-

comes sequestered, leading to a reduction in its protein abundance and thus accelerated flowering through

the Early heading date 1 pathway. Taken together, these results not only shed new light on the molecular

mechanismof efficientm6A recognition by the collaboration between anRNA binding protein and YTH fam-

ily m6A reader, but also uncover the potential for m6A-mediated translation regulation through phase-

separated ribonucleoprotein condensation in rice.
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INTRODUCTION

Food security is a major challenge for humankind as the world

population rapidly increases (Lucas et al., 2021). Rice is one of
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the most important cereal crops, feeding more than half of the

world population (Foley et al., 2011). Heading date in rice (also

known as flowering time), a central link in plant development

and reproduction, is a key agronomic landmark that defines

regional and seasonal adaptation (Srikanth and Schmid, 2011;

Tsuji et al., 2011). Global warming and natural disasters make it

particularly vital to breed varieties that are resilient to

environmental fluctuations and the adverse effects of climate

change.

Numerous rice genes controlling heading date have been cloned,

and they can be roughly grouped into two signaling pathways.

One is the evolutionarily conserved OsGI-Hd1-Hd3a (rice

GIGATEA-Heading date 1-Heading date 3a) pathway, which is

homologous with the GI-CO-FT (GIGATEA-CONSTANS-FLOW-

ERING LOCUS T) pathway in Arabidopsis (Yano et al., 2000;

Kojima et al., 2002). The other is the Ehd1 (Early heading

date1)-centered monocot-specific pathway (Doi et al., 2004).

Both pathways are finally integrated to regulate the production

of florigen, a mobile signal that is produced in the leaf but then

moves to the shoot apical meristem, where it activates

flowering (Taoka et al., 2011; Kobayashi et al., 2012; Lu et al.,

2012; Tsuji et al., 2013). Rice has two florigen genes, Heading

date 3a (Hd3a) and RICE FLOWERING LOCUS T 1 (RFT1)

(Tamaki et al., 2007; Komiya et al., 2009). Ehd1, which encodes

a B-type response regulator, promotes flowering by activating

the expression of Hd3a and RFT1 under both long-day (LD) and

short-day (SD) conditions. Ehd1 is a flowering integrator, and

its expression can be upregulated by Early Heading Date 2

(Ehd2, also known as RID1 or OsId1) (Matsubara et al., 2008),

Early Heading Date 3 (Ehd3) (Matsubara et al., 2011), Early

Heading Date 4 (Ehd4) (Gao et al., 2013), Days to Heading 3

(DTH3, also known as OsSOC1 and OsMADS50) (Bian et al.,

2011), OsMADS51 (Kim et al., 2007), and others, but

downregulated by another group of genes, including Grain

Number, Plant Height and Heading Date7 (Ghd7) (Xue et al.,

2008), Days to Heading 7 (DTH7, also known as Hd2) (Gao

et al., 2014), Days to Heading 8 (DTH8) (Wei et al., 2010), and

CONSTANS-like 4 (OsCOL4) (Lee et al., 2010). Hd1 encodes an

ortholog of the Arabidopsis CONSTANS protein, which has two

functions, i.e., it promotes flowering under SDs by activating

Hd3a expression and inhibits flowering by interacting with Ghd7

and repressing Ehd1 expression under LDs (Yano et al., 2000;

Nemoto et al., 2016). However, it is unclear whether there are

post-transcriptional RNA modifications involved in controlling

heading date.

N6-Methyladenosine (m6A) is one of themost abundant modifica-

tions of eukaryotic mRNAs, and it plays regulatory roles in RNA

metabolism (Meyer et al., 2012). The effectors in m6A pathways

include a ‘‘writer’’ to catalyze formation of m6A, an ‘‘eraser’’ to

remove m6A from the methylated RNA molecules, and a

‘‘reader’’ to exert regulatory functions through selective binding

of m6A. The YTH (YT521-B homology) domain-containing pro-

teins are recognized as conserved m6A readers that specifically

recognize m6A versus adenosine (A); these proteins include the

human YTH domain-containing family proteins 1 to 3 (YTHDF1–

3) and YTH domain-containing 1 to 2 (YTHDC1–2) (Shi et al.,

2017; Liao et al., 2018; Patil et al., 2018; Liu et al., 2020). The

Arabidopsis EVOLUTIONARILY CONSERVED C-TERMINUS

(ECT) proteins are orthologs of human YTH domain-containing
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m6A readers; ECT2/3/4 act redundantly in leaf formation, and

they are also important for correct root, flower, and fruit formation

(Arribas-Hernández et al., 2018, 2020; Scutenaire et al., 2018;

Wei et al., 2018). CPSF30-L is another YTH domain-containing

m6A reader that regulates flowering time and ABA sensitivity in

Arabidopsis (Song et al., 2021). However, it is unclear whether

there are additional components critical for the decoding of

m6A modifications.

In addition, m6A has been shown to functionally modulatemRNA

stability (Li et al., 2014; Cao et al., 2016; Du et al., 2016;

Roundtree et al., 2017; Zhao et al., 2017), and a few reports

suggested that m6A also promotes translation (Li et al., 2017;

Liu et al., 2020) and influences alternative splicing (Kasowitz

et al., 2018). Interestingly, there are several pieces of

evidence suggesting that m6A is also involved in inhibiting

translation. For example, a comparison of the translation

efficiency between mRNAs modified by m6A and mRNAs

lacking m6A (Mettl14-knockout cells) revealed that transcripts

containing more m6A sites have significantly lower translation

efficiency (Ries et al., 2019). This reduction of translation

efficiency is attributed to the formation of phase-separated

YTHDF-m6A-mRNA complexes, which then partition into

phase-separated structures (Ries et al., 2019). Recently, a

single-base m6A stoichiometry study found that mRNAs with

m6A have a lower translation efficiency than mRNAs without

m6A (Liu et al., 2023), which provides additional evidence of

the role of m6A in translation repression. Moreover, a genome-

wide correlation analysis between m6A modification and

translation in human cells found that nearly half of m6A

modifications have a negative impact on translation efficiency,

suggesting that m6A can also suppress translation in addition

to its previously recognized translation-promoting function

(Zhang et al., 2020). It is hypothesized that whether m6A

enhances or suppresses the translation efficiency depends

on the binding of specific RNA binding proteins (RBPs)

(Zhang et al., 2020). However, direct biochemical and

genetic evidence for the translation repression effect of

m6A is still lacking. Besides, the molecular mechanism for

m6A modification-mediated translation repression is largely

unknown.

In this study, we found an RRM domain-containing RBP named

EARLY HEADING DATE 6 (EHD6) that regulates heading date

in rice independently of light and temperature conditions. We

demonstrate that EHD6 localizes to the non-membranous

cytoplasm ribonucleoprotein (RNP) granules and can bind

both m6A and A indiscriminately. However, EHD6 directly inter-

acts with YT521-B homology 07 (YTH07), an YTH domain-

containing m6A reader, and this interaction not only endows

EHD6-YTH07 with strong affinity to m6A targets but also trig-

gers partial relocation of YTH07 from the cytoplasm to RNP

granules through phase-separated condensation. The conden-

sation sequesters the mRNA of a flowering repressor, OsCOL4,

leading to a reduction in OsCOL4 protein accumulation and

promoting flowering via the Ehd1 pathway. Our results not

only demonstrate the effect of the interaction between an

RBP and YTH family m6A reader on the efficiency of m6A

binding but also uncover a molecular mechanism for m6A

modification-mediated repression of protein accumulation

in rice.



Figure 1. Characterization of the late flow-
ering ehd6 mutant.
(A) Phenotypes of Dongjin and the ehd6 mutant

at the bolting stage under natural long-day (NLD)

conditions. Scale bar corresponds to 20 cm.

White arrows indicate rice panicles.

(B) Heading dates of Dongjin and the ehd6

mutant under NLD, natural short-day (NSD),

controlled long-day (CLD) (14 h light/10 h dark),

and controlled short-day (CSD) (10 h light/14 h

dark) conditions. Values are means ± SD; n ˃10.
**P ˂0.01; Student’s t-tests.

(C and D) Phenotypes and heading dates of

Dongjin, the ehd6 mutant, and pEHD6:EHD6-

FLAG/ehd6 transgenic lines. COM13, COM16,

and COM17 are three independent lines showing

flowering phenotype complementation. Scale

bar corresponds to 20 cm. White arrows indicate

rice panicles. Values are means ± SD; n ˃ 4.

Different letters denote significant difference

determined by one-way analysis of variance

(P ˂ 0.05).

(E)Western-blot detection of the EHD6 protein in

Dongjin, the ehd6 mutant, and complementation

lines. Anti-FLAG antibody was used. Heat shock

protein 90 (HSP) was used as the loading control.

(F and G) Phenotypes and heading dates

of Nipponbare (NIP) and two CRISPR-Cas9

knockout lines. ehd6-cr1 and ehd6-cr2 are in-

dependent edited lines. Scale bar corresponds to

20 cm. White arrows indicate rice panicles.

Values are means ± SD; n ˃ 10. Different letters

denote significant difference determined by one-

way analysis of variance (P ˂ 0.05).

(H) Gene structure of EHD6. Gray boxes repre-

sent the untranslated regions, yellow boxes the

coding region, and black lines the introns. The

positions of the SNP between Dongjin and the

ehd6 mutant and the mutations in two mutants

generated by CRISPR-Cas9 are indicated.
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RESULTS

Characterization of a late flowering mutant, ehd6

We generated a Dongjin (Oryza sativa ssp. japonica) mutant pop-

ulation using tissue culture-mediated mutagenesis to identify

novel genes involved in flowering regulation. A late flowering

mutant, named early heading date 6 (ehd6), was identified. The

mutant flowered 88.8 ± 1.5 days after sowing, about 1 week

later than the wild type (82.3 ± 1.4), under natural long-day

(NLD) conditions at Nanjing (31�140N, 118�220E), and it also flow-

ered approximately a week later under natural short-day (NSD)

conditions at Lingshui (18�220N, 109�450E) (Figure 1A and
Molecular Plant 17, 935
1B and Supplemental Table 1). The late

flowering phenotype was verified under

both controlled long-day (CLD) and

controlled short-day (CSD) conditions

(Figure 1B). These results indicated that

the late flowering phenotype of the ehd6

mutant was independent of photoperiodic

and temperature conditions. To further

test this notion, we planted the ehd6
mutant and Dongjin at five different latitudes and at two

adjacent locations with different altitudes (Supplemental

Figure 1A). These latter locations were separated by about 20

km (hence had similar photoperiods) but had an altitude

difference of more than 1200 m, resulting in a more than 7�C
temperature difference (Supplemental Figure 1B). The ehd6

mutant was consistently later flowering than Dongjin at all

locations (Supplemental Table 1). The mutant produced fewer

but larger seeds, and its plant height, thousand grain weight,

grain width, and grain length were increased relative to those of

Dongjin. There was no difference in tiller number under NLD

conditions (Supplemental Figure 1C).
–954, June 3 2024 ª 2024 The Author. 937
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Molecular cloning and expression profile of EHD6

F1 plants derived from a cross between the ehd6 mutant

and Dongjin showed a similar heading date to Dongjin

(Supplemental Figure 2A and 2B), and the F2 population

segregated 188 early flowering:66 late flowering (c2
3:1 = 0.13;

P1dfq > 0.05), suggesting that the late flowering phenotype was

caused by a single recessive Mendelian factor (Supplemental

Figure 2C). We mapped EHD6 to chromosome 2 using a

modified MutMap method (Fekih et al., 2013) (Supplemental

Figure 2D). Sequence analysis revealed that the ehd6 allele has

a single-nucleotide substitution (C to A) in the exon of the gene

MEI2-LIKE PROTEIN4 (OML4, Os02g0517531), which was re-

ported previously to control grain size and weight (Lyu et al.,

2020), creating a stop codon and causing pre-termination of

the translational product (Figures 1H and Supplemental

Figure 2E). Thus, we predicted OML4 as the candidate gene for

EHD6. Transgenic plants carrying the full coding sequence

(CDS) of OML4 driven by the native promoter fully rescued the

ehd6 mutant phenotype (Figure 1C–1E). We also generated two

independent OML4 knockout lines in Nipponbare by CRISPR-

Cas9 gene editing (Figure 1H). Both the knockout lines flowered

later than Nipponbare (Figure 1F and 1G). We concluded that

OML4 corresponds to EHD6.

To investigate the spatial and temporal transcription patterns of

EHD6, we examined the expression levels of EHD6 in various tis-

sues and at different growth stages. Quantitative reverse-tran-

scriptase PCR (qRT–PCR) analysis revealed that EHD6 was ex-

pressed in all tissues examined, with relatively higher

expression in the panicles (Figure 2A). EHD6 maintained a high

expression level under both LD and SD conditions during the

entire vegetative growth period (Figure 2B). EHD6 transcript in

leaves began to accumulate around dusk and gradually

declined after daybreak under both LD and SD conditions, thus

behaving diurnally (Figure 2C and 2D). Moreover, analysis of

transgenic plants expressing the GUS (b-glucuronidase)

reporter gene driven by the EHD6 promoter (pEHD6:GUS)

confirmed the ubiquitous expression pattern of EHD6

(Supplemental Figure 2F).
EHD6 interacts with the m6A reader YTH07

To investigate how EHD6 regulates flowering, yeast two-hybrid

screening was performed to identify EHD6-interacting proteins.

YTH07 (Os04g0608800), annotated as a YT521-B-like family pro-

tein (homolog of the mammalian YTH family m6A reader), was

identified as an EHD6-interacting partner (Figure 2E). The

interaction was substantiated through in vitro pull-down and

bimolecular fluorescence complementation (BiFC) assays

(Figure 2F and 2G). Furthermore, co-immunoprecipitation (Co-

IP) experiments conducted in Nicotiana benthamiana leaf

epidermal cells and the protoplasts of stable transgenic rice

plants expressing EHD6-FLAG provided further evidence con-

firming the interaction between EHD6 and YTH07 in vivo

(Figure 2H and 2I).

We further examined which specific region of YTH07 is respon-

sible for interacting with EHD6. YTH07 was divided into three

fragments: the N-fragment containing the PrLD domain, the

M-fragment representing the YTH domain, and the remaining

fragment referred to as the C-fragment (Supplemental
938 Molecular Plant 17, 935–954, June 3 2024 ª 2024 The Author.
Figure 3A). Through pull-down and BiFC assays, we found that

both the N-fragment and M-fragment of YTH07 can interact

with EHD6, while the C-fragment cannot (Supplemental

Figure 3B and 3C).

To substantiate the biological relevance of the EHD6-YTH07

interaction, we generated the yth07 knockout lines by CRISPR-

Cas9 editing (Supplemental Figure 4A). Two loss-of-function

yth07 mutants both exhibited delayed flowering under NLD and

NSD conditions (Figure 3A and 3B), indicating that YTH07 has a

floral promoting function just like EHD6.

We also obtained a ehd6 yth07 double mutant, which flowered

slightly later than both the ehd6 and yth07 single mutants under

both NLD and NSD conditions; notably the phenotype of ehd6

yth07was closer to that of ehd6, especially under NLD conditions

(Figure 3C and 3D). These observations suggest a genetic

interaction between EHD6 and YTH07.

EHD6 can bind the m6A-modified RNAs

EHD6 was annotated as an RRM domain-containing RBP

(Supplemental Figure 7B), and its interaction partner, YTH07,

contains a YTH domain (Supplemental Figure 3A), which is an

evolutionarily conserved m6A binding domain (Patil et al.,

2018). To assess whether EHD6 exhibits affinity for m6A

similar to YTH07, we conducted an RNA electrophoretic

mobility shift assay (EMSA) utilizing purified recombinant

EHD6 and YTH07 proteins along with RNA oligos. We

synthesized an m6A-containing RNA oligo as a probe (m6A

probe), and another oligo with the same sequence but with

m6A replaced by A (A probe) was used as a control

(Supplemental Table 2). The results showed that EHD6

could bind both the m6A probe and A probe (Figure 4A),

while YTH07 specifically bound m6A through the YTH

domain (Figure 4B and Supplemental Figure 5A). To further

investigate the relationship between EHD6 and m6A in vivo,

we performed RNA immunoprecipitation (RIP) followed by

liquid chromatography-tandem mass spectrometry (LC–MS/

MS) detection using pEHD6:EHD6-FLAG/ehd6 transgenic

plants. LC–MS/MS results showed that more m6A-modified

RNAs were pulled down by EHD6-FLAG compared with control

immunoglobulin G (IgG) (Figure 4C). These findings suggest a

close association between EHD6 and m6A.

EHD6 efficiently recognizes the m6A modification in
collaboration with YTH07

To elucidate the relationship between EHD6, YTH07, and m6A

modification at the whole-transcriptome level, we employed

formaldehyde crossing-linking and immunoprecipitation (FA-

CLIP) to identify mRNAs associated with EHD6 and YTH07. The

assays were separately conducted using transgenic plants ex-

pressing EHD6-FLAG (pEHD6:EHD6-FLAG) and YTH07-GFP

(pYTH07:YTH07-GFP) fusion proteins. Two biological replicates

of EHD6-CLIP analysis uncovered 9872 peaks corresponding

to 7263 genes, while the YTH07-CLIP experiment, replicated bio-

logically twice, revealed 2009 peaks corresponding to 1751

genes (Supplemental Figure 5B).

Furthermore, we performed a combined analysis of the published

m6A-SEAL-seq data (Wang et al., 2020b) and the EHD6-CLIP and



Figure 2. Expression profile of EHD6 and its interaction with YTH07.
(A) qRT–PCR analysis of EHD6 in different tissues. Tissues from Dongjin were collected from roots, culms, leaves, leaf sheaths, and panicles.

(B) Expression of EHD6 in CLD and CSD conditions (assessed weekly from sowing until flowering).

(C and D) Rhythmic expression of EHD6 under CLD (C) and CSD (D) conditions. White and black boxes denote periods of light and darkness,

respectively. The rice UBIQUITIN gene was used as the internal control, and values are means ± SD (n = 3) in (A)–(D).

(E) Yeast two-hybrid assays showing that EHD6 interacts with YTH07. Transformed yeast cells were grown on DDO (SD/-Trp/-Leu) and QDO (SD/-Trp/-

Leu/-His/-Ade) plates.

(F) Bimolecular fluorescence complementation (BiFC) assays showing that EHD6 interacts with YTH07 in N. benthamiana leaf epidermal cells. Scale bar

corresponds to 25 mm. ER denotes the endoplasmic reticulum.

(G) An in vitro pull-down assay validated the direct interaction between EHD6 and YTH07. ‘‘–’’ and ‘‘+’’ represent absence and presence of the corre-

sponding proteins.

(H) An in vivo Co-IP assay verified the interaction between EHD6 and YTH07 in N. benthamiana leaf epidermal cells. ‘‘–’’ and ‘‘+’’ represent absence and

presence of the corresponding proteins. * represents truncated YTH07-GFP fragments.

(I) A Co-IP experiment using protoplasts from the EHD6-FLAG complementation lines revealed the interaction between EHD6 and YTH07. ‘‘–’’ and ‘‘+’’

represent absence and presence of the corresponding proteins. * represents truncated YTH07-HA fragments.

RNA binding protein EHD6 recruits the m6A reader YTH07 Molecular Plant
YTH07-CLIP data, and found that 69% (966 out of 1397) of the

genes associated with both EHD6-CLIP and YTH07-CLIP

overlapped with m6A-modified genes, which predominantly

encode mRNAs (Figure 4D and Supplemental Figure5C, and

Supplemental Table 3). This set of genes, termed EHD6/YTH07/

m6A targets, was selected for further analysis. Clustering all

EHD6/YTH07/m6A targets sites in HOMER (hypergeometric opti-

mization of motif enrichment) uncovered strongly enriched mo-
M

tifs, YUGUA and UGUAD, for EHD6 and YTH07, respectively

(Supplemental Figure 5D). These motifs resembled the

canonical m6A motif URUAH (Y = C/U, D = A/G/U, R = A/G, H =

A/C/U) in plants (Zhou et al., 2022). The EHD6/YTH07/m6A

targets exhibited enriched EHD6 and YTH07 binding peaks

closely associated with the m6A site (Figure 4E). This finding

suggested that EHD6 is also highly associated with m6A just

like its interaction partner YTH07.
olecular Plant 17, 935–954, June 3 2024 ª 2024 The Author. 939



Figure 3. YTH07 participates in promoting
rice flowering.
(A) Phenotype of Dongjin and two yth07 knockout

lines at the bolting stage under NLD conditions.

Scale bar corresponds to 20 cm. White arrows

indicate rice panicles. yth07-1 and yth07-4 are in-

dependent edited lines.

(B) Heading dates of Dongjin and two yth07

knockout lines under NLD and NSD conditions.

Values are means ± SD; n ˃ 5. D represents the

heading date difference between the two lines.

(C) Phenotypes of Dongjin and the ehd6 , yth07-1,

and ehd6 yth07 mutant lines at the bolting stage

under NLD conditions. Scale bar corresponds to

20 cm. White arrows indicate rice panicles.

(D) Heading dates of Dongjin and the ehd6,

yth07-1, and ehd6 yth07 mutant lines at the

bolting stage under NLD conditions and NSD

conditions. Values are means ± SD; n ˃ 7.

D represents the heading date difference

between the two lines. Different letters denote

significant difference determined by one-way

analysis of variance (P ˂ 0.05).
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Considering that EHD6 is an RBP and interacts with YTH07,

we tested whether or not the binding of YTH07 to m6A is

associated with its interaction partner. To this end, we catego-

rized YTH07 and m6A binding targets into EHD6-marked

(termed EHD6(+)/YTH07/m6A targets) and non-EHD6-marked

(termed EHD6(�)/YTH07/m6A targets) subgroups. The results

showed that YTH07 exhibits a stronger binding affinity for

m6A-enriched transcripts when EHD6 is present (Figure 4F). To

further explore the significance of the interaction between

EHD6 and YTH07 for m6A binding, we performed additional

EMSA assays. Interestingly, both YTH07 and EHD6 individually

showed relatively low m6A affinity. However, the affinity for the

m6A probe increased substantially in the presence of both

YTH07 and EHD6 (Figure 4G and Supplemental Figure 5E).

Notably, this enhancement did not occur when the m6A probe

was substituted with an A probe (Figure 4H). These results

suggested the cooperative role of EHD6 and YTH07 in m6A

recognition.

To further confirm this in planta, we transiently expressed equal

amounts of the YTH07-GFP construct in protoplasts of Dongjin

and ehd6. GFP RIP followed by an LC–MS/MS assay showed

that significantly more m6A-modified RNAs were pulled down

by YTH07-GFP in Dongjin than in ehd6 (Figure 4I). Conversely,

we observed no significant difference in the amount of m6A-

modified RNAs pulled down by EHD6-FLAGwhen equal amounts

of the EHD6-FLAG construct were introduced into the proto-

plasts of Dongjin and yth07 (Supplemental Figure 5F). These

results suggested a supportive role of EHD6 in the binding of

YTH07 to m6A, but not vice versa. Phylogenetic analysis

revealed 12 YTH domain-containing proteins in the rice genome

(Supplemental Figure 6A). Pull-down and BiFC assays demon-

strated that EHD6 can interact with most other YTH family mem-

bers (YTH08 and YTH09 were not tested, as they could not be

amplified by PCR) (Supplemental Figure 6B–6F). The lower
940 Molecular Plant 17, 935–954, June 3 2024 ª 2024 The Author.
dependency of EHD6 on YTH07 is likely due to redundancy

within the YTH family. In summary, EHD6 cooperates with

YTH07 for efficient m6A recognition.
EHD6 is present in granule-like condensates in the
cytoplasm

To investigate the subcellular location of EHD6, we generated

pEHD6:EHD6-GFP/ehd6 transgenic lines. The GFP fluores-

cence was visible as scattered foci in the cytoplasm of rice

root cells, with no observed GFP signals in the nucleus

(Figure 5A). To confirm the cytoplasm localization of EHD6,

we isolated the nuclear and cytoplasmic proteins from the

leaves of a pEHD6:EHD6-FLAG/ehd6 transgenic complementa-

tion line; in an immunoblot experiment the EHD6 protein

was detected only in the cytoplasm (Supplemental Figure 7A).

Upon analyzing the protein sequence of EHD6, we discovered

that, in addition to RRM domains, it also contains a PrLD

domain (Supplemental Figure 7B). This domain has the

potential to undergo phase separation (Fang et al., 2019;

Wang et al., 2020a). To confirm whether the condensation of

EHD6 was a consequence of phase separation, we conducted

a fluorescence recovery after photobleaching (FRAP) assay.

The results showed that EHD6-GFP fluorescence gradually re-

distributed from the unbleached area to the bleached area

(Figure 5B and 5C). In addition, the fluorescent spots could

fuse to form larger spots (Supplemental Video 1), which is a

phenomenon typical of phase separation. The scattered foci

within the cytoplasm resembled non-membrane-enclosed

RNP granules such as processing bodies (P-bodies) and stress

granules (SGs), which dynamically form through the phase sep-

aration of RNAs and proteins (Xu et al., 2006; Weber et al., 2008;

Erickson et al., 2011; Ivanov et al., 2019; Youn et al., 2019; Ripin

et al., 2023). Subsequently, we constructed an EHD6-GFP

fusion construct and transiently expressed it in rice protoplasts



Figure 4. EHD6 shows strong m6A binding affinity in collaboration with YTH07.
(A) EMSA assays show that EHD6 binds both unmethylated RNA andm6A-modified RNA. The unmethylated RNA (A probe) andm6A-modified RNA (m6A

probe) were biotin-labeled fragments: 50-bio-GUGCCCAACGCCCAAAAAXCACAGCCAAXCUCCGCGAGAAXCCGAGCUGC-30, where X = A orm6A. The

competitive A/m6A probes have the same sequence as the A/m6A probes but without the biotin label.

(B) EMSA assay shows that YTH07 binds m6A-modified RNA but not unmethylated RNA.

(C) In vivo FA-RIP-LC–MS/MS showing that m6A is enriched in EHD6-FLAG-bound RNA. Data are presented as means ± SD, n = 3. * denotes significant

difference determined by Student’s t-tests (P ˂ 0.05).

(D) Overlap of the identified genes encoding EHD6 binding, YTH07 binding, and m6A-modified RNAs (termed EHD6/YTH07/m6A targets).

(E) Density plots showing the distance from the EHD6 or YTH07 binding site within the EHD6/YTH07/m6A targets to the m6A site.

(F) Box blot showing the enrichment of YTH07 targets with m6A modifications when EHD6 is present or absent. P value was calculated by Student’s

t-tests.

(G) EMSA assays show that EHD6-YTH07 has stronger m6A affinity compared with YTH07 or EHD6 individually.

(H) EMSA assays show that interaction of EHD6 and YTH07 does not influence binding to unmethylated RNA. The final concentrations of proteins and

probes used in the EMSA assays are as follows: GST-EHD6, 900 nM; GST-YTH07, 60 nM; RNA oligo, 2 nM.

(I) In vivo FA-RIP-LC–MS/MS showing that EHD6-YTH07 binds more m6A than YTH07 alone. Values are means ± SD, n = 3. Different letters denote

significant difference determined by one-way analysis of variance (P ˂ 0.05).

RNA binding protein EHD6 recruits the m6A reader YTH07 Molecular Plant
and N. benthamiana leaf epidermal cells to compare the subcel-

lular localization of the EHD6 protein with that of RNP granule

markers. EHD6-GFP did not merge with the P-body marker
M

AtDCP1-mCherry (Iwasaki et al., 2007), but it perfectly merged

with the SG marker AtPAB2-mCherry (Scutenaire et al., 2018)

(Supplemental Figure 7C–7E).
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Figure 5. EHD6 localizes and recruits YTH07 to RNP granules through phase separation.
(A) Subcellular localization of the EHD6-GFP fusion protein in pEHD6:EHD6-GFP/ehd6 transgenic plant root cells. DAPI staining was used tomark nuclei.

Scale bar corresponds to 8 mm.

(B) Fluorescence recovery after photobleaching (FRAP) of the EHD6 protein in N. benthamiana leaves; bleaching is indicated by white arrows. Scale bars

correspond to 5 mm.

(C) Fluorescence recovery curve averaged for granules from three cells after normalization and correction for bleaching depth. Data are means ± SD,

n = 3.

(D)Subcellular localization of the native promoter-driven YTH07-GFP (pYTH07:YTH07-GFP) fusion protein in the root cells of transgenic plants. The EHD6

transgenic complementation line (pEHD6:EHD6-FLAG/ehd6) was utilized as the transgenic recipient. DAPI staining was used to mark nuclei. Scale bar

corresponds to 10 mm.

(E) YTH07 is diffusely localized in the cytoplasmwhen co-expressed with GFP alone in tobacco leaf cells. However, when co-expressed with EHD6-GFP,

YTH07 partially relocates to RNP granules. FRAP assay suggests that the RNP granule localization of YTH07 is produced through phase separation. The

upper images show co-location of EHD6-GFP and YTH07-mCherry before laser bleaching, and the lower images show the state of fluorescence recovery

at different time points. The bleaching area is indicated by white arrows. Scale bar corresponds to 25 mm.

(F) Fluorescence recovery curve averaged for YTH07-mCherry granules from three cells after normalization and correction for bleaching depth. Data are

means ± SD, n = 3.

(G and H) Subcellular localization of YTH07-GFP in protoplasts of ehd6 and the EHD6 transgenic complementation line (pEHD6:EHD6-FLAG/ehd6).

Scale bar corresponds to 10 mm.
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SGs are known to form in response to stress (Kosmacz et al.,

2019), and the reported SG-localized proteins display punctate

foci only when stress occurs to stall translation initiation but

allow elongation to occur after the stress is removed (Ivanov

et al., 2019; Youn et al., 2019). However, our observations

suggest that EHD6 tends to condense even under normal

conditions (Figure 5A and Supplemental Figure 7C–7E). To

exclude potential stress during our observations, we used a

previously reported SG-localized m6A reader, ECT2, as a

control (Scutenaire et al., 2018). As expected, ECT2 localized in

the cytoplasm under normal temperatures but relocated to SGs

under high temperatures, similar to the SG marker AtPAB2-

mCherry (Supplemental Figure 7F). However, EHD6 formed

condensates in the cytosol under both normal and high-

temperature conditions (Supplemental Figure 7F). These results

suggested that the SG-like location of EHD6 is independent of

stress stimulation; we would rather call it an RNP granule-local-

ized protein.

The PrLD domain is vital for the condensation of EHD6

To investigate whether the condensation of EHD6 is related to

the PrLD domain or another RRM domain, we generated three

truncated EHD6 proteins: EHD6-DN-RRM lacking the two

N-terminal RRM domains, EHD6-DPrLD lacking the PrLD

domain, and EHD6-DC-RRM lacking the C-terminal RRM domain

(Supplemental Figure 8A). Subsequently, these truncated

proteins were fused with GFP and introduced into tobacco

epidermal cells. Notably, we observed that the condensation

of EHD6 was abolished only when the PrLD domain was

absent (Supplemental Figure 8A). Furthermore, FRAP assays

conducted on EHD6-DN-RRM (Supplemental Figure 8B, 8D,

and 8F) and EHD6-DC-RRM truncations (Supplemental

Figure 8C, 8E, and 8G) indicated that lack of either the

N-terminal or the C-terminal RRM domain did not significantly

affect fluorescence recovery, thereby establishing the

indispensability of the PrLD domain for phase separation.

EHD6 recruits YTH07 to RNP granules through phase
separation

We also investigated the subcellular localization of YTH07. The

YTH07-GFP fusion protein, driven by its native promoter, dis-

played a scattered focal distribution in EHD6-complemented

transgenic rice root cells (Figure 5D). To explore whether the

condensation of YTH07 is related to EHD6, we transiently

expressed YTH07-mCherry in N. benthamiana leaf epidermal

cells. When YTH07-mCherry was expressed alone, it exhibited

a diffuse cytoplasm localization pattern (Figure 5E). However,

when co-expressed with EHD6, YTH07, together with EHD6,

partially formed condensates (Figure 5E and 5F). In addition,

YTH07-GFP was diffused throughout the cytoplasm in the proto-

plasts of the ehd6 mutant (Figure 5G). However, a fraction of the

YTH07-GFP protein formed condensates in the protoplasts of

EHD6 complementation line (Figure 5H). All the results

indicated that EHD6 recruits YTH07 to RNP granules through

phase separation.

Previous studies have shown that m6A promotes YTHDF2-

mediated phase separation (Wang et al., 2020a), and our

results indicated that EHD6 is associated with m6A. To further

confirm whether the RNP-mediated condensation of EHD6 is a
M

product of m6A-triggered phase separation, we conducted an

in vitro phase separation assay using purified GFP-EHD6 protein

and RNA oligos. The probe sequence was the same as that of the

A/m6A probe used in the EMSA, but the 50 biotin modification

was replaced with CY5 (Supplemental Table 2). The results

showed that, in the presence of m6A, GFP-EHD6 condensed

into droplets (Supplemental Figure 7G). However, adding

the same amount of purified GFP or replacing m6A with

A did not yield similar results (Supplemental Figure 7G).

Moreover, increasing the concentration of GFP-EHD6 or intro-

ducing YTH07 protein enlarged the GFP-EHD6 condensates

(Supplemental Figure 7G). Importantly, CY5-m6A co-localized

with the GFP-EHD6 condensates (Supplemental Figure 7G),

suggesting that the m6A-modified RNA was included in the

condensates. These results suggested that EHD6 is an RNP

granule-localized protein and recruits the m6A reader YTH07 to

RNP granules through phase separation.

Both EHD6 and YTH07 recognize OsCOL4 mRNA

A photoperiod-independent heading date gene, OsCOL4 (Lee

et al., 2010), was among the genes encoding EHD6/YTH07/

m6A-associated RNAs (Figures 4D and 6A). RIP-qPCR, conduct-

ed using EHD6-FLAG and YTH07-GFP transgenic plants, pro-

vided evidence supporting the binding of OsCOL4 mRNA by

both EHD6 and YTH07 (Figure 6B and 6C). In addition,

detection through m6A-IP-qPCR confirmed the presence of

m6A modifications on OsCOL4 mRNA (Figure 6D).

To probe the interdependence between EHD6 and YTH07 in

OsCOL4 binding, an equal amount of YTH07-FLAG construct

was introduced into both yth07 and ehd6 yth07 protoplasts. Sub-

sequently, we assessed the enrichment of OsCOL4 by YTH07-

FLAG using RIP-qPCR. Our findings demonstrated that YTH07-

FLAG pulled down more OsCOL4 in yth07 than in ehd6 yth07

(Supplemental Figure 9A). This observation emphasized the

importance of EHD6 for YTH07’s efficient binding to OsCOL4

in vivo. Conversely, when an equal amount of the EHD6-FLAG

construct was introduced into the protoplasts of ehd6 and ehd6

yth07, no significant difference in the amount of OsCOL4 pulled

down by EHD6-FLAG was observed between ehd6 and ehd6

yth07 (Supplemental Figure 9B). These results suggested that

the function of EHD6 is less dependent on YTH07, and again

we attribute this to the redundancy within the YTH family in rice

(Supplemental Figure 6A–6F).

Sequestration of OsCOL4 mRNA in RNP granules
represses the accumulation of OsCOL4 protein

It was reported that m6A affects multiple aspects of mRNA meta-

bolism, and YTH domain-containing m6A readers have been

shown to have multiple physiological roles, such as regulation

of mRNA stability, splicing, alternative polyadenylation, and

translation (Wei et al., 2018; Song et al., 2021; Chen et al.,

2022; Wu et al., 2024). Given EHD6’s collaborative role with

YTH07 in efficient m6A binding, we questioned whether

EHD6 influences the metabolism of targeted mRNAs. qRT–PCR

analysis revealed no apparent alteration in the mRNA

abundance of OsCOL4 in the ehd6 mutant (Figure 6E).

Furthermore, qRT–PCR analysis of RNP granules isolated from

Dongjin and ehd6 illustrated that more OsCOL4 mRNAs were

present in the RNP granules of Dongjin compared with those of
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Figure 6. EHD6 sequesters OsCOL4 mRNA in RNPs and affects OsCOL4 protein abundance.
(A) Integrative genomics viewer showing the indicated sequencing results for OsCOL4. Fragments (P1 and P2) amplified in (B)–(D) are labeled. The light

blue box labeled in each sequencing result indicates the position of the m6A site and the binding sites of EHD6 and YTH07.

(B) FA-RIP-qPCR verification of the ability of EHD6 to bind toOsCOL4 in 3-week-old pEHD6:EHD6-FLAG/ehd6 seedlings. Values are means ± SD; n = 4.

(C) FA-RIP-qPCR verification of the binding affinity of YTH07 for OsCOL4 in 3-week-old pYTH07:YTH07-GFP seedlings. Values are means ± SD; n = 4.

(D) m6A -IP-qPCR validation of the m6A peak in OsCOL4. Values are means ± SD; n = 3.

(E) Rhythmic expression patterns of OsCOL4 in Dongjin and the ehd6 mutant under SD conditions. White and black boxes denote periods of light and

darkness, respectively. Values are means ± SD; n = 3.

(F) qRT–PCR analysis of OsCOL4 expression in the indicated RNAs from Dongjin and the ehd6mutant. Values are means ± SD; n = 4. In (B)–(F), the rice

UBIQUITIN gene was used as the internal control. * denotes significant difference determined by Student’s t-tests (P ˂ 0.05).

(G) Western blot analysis revealed a higher level of OsCOL4-FLAG protein accumulation in the protoplasts of ehd6 compared with those of Dongjin.

Proteins were detected with anti-FLAG and anti-GFP antibodies. GFP was employed as a non-EHD6 target control and showed no difference in protein

accumulation across backgrounds. Three lanes in each group represent three biological repeats. * denotes significant difference and ns denotes no

significant difference determined by Student’s t-tests (P < 0.05).

(H) Western blot analysis shows a significantly higher protein abundance of OsCOL4-HA when it is co-expressed with EHD6-DPrLD in ehd6 mutant

protoplasts than when it is co-expressed with full-length EHD6. Osactin was used as a negative control; three lanes in each group represent three

biological repeats. Different letters denote significant difference determined by one-way analysis of variance (P ˂ 0.05).

Molecular Plant RNA binding protein EHD6 recruits the m6A reader YTH07
the ehd6 mutant (Figure 6F), which indicated that EHD6

condenses OsCOL4 mRNAs into RNP granules. Considering

that EHD6 co-localized with AtPAB2 (a canonical SG marker)

(Supplemental Figure 7D and 7E), we speculated that EHD6 is
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able to arrest translation like SGs (Ripin et al., 2023; Wu et al.,

2024). This led us to investigate the protein abundance of

OsCOL4. We introduced a reporter with GFP driven by the 35S

promoter (35S:GFP, a non-EHD6 target control) and an
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OsCOL4-FLAG fusion protein driven by the maize ubiquitin pro-

moter (UBI:OsCOL4-FLAG) into protoplasts of Dongjin and

ehd6. Notably, the content of OsCOL4-FLAG protein in ehd6 pro-

toplasts was significantly higher than that in Dongjin protoplasts,

while GFP protein abundance was equal in both backgrounds

(Figure 6G). This indicated that EHD6 has a negative impact on

the accumulation of OsCOL4 protein.

To further confirm this finding, we generated transgenic plants

stably expressing OsCOL4-FLAG in Dongjin and the ehd6

mutant. The FLAG tag was used to distinguish endogenous and

transgenic mRNAs. Five pairs of transgenic lines with compara-

ble transcriptional levels of OsCOL4-FLAG in Dongjin and

ehd6 were selected for western blot analysis (Supplemental

Figure 10A, 10C, 10E, 10G, and 10I). Upon quantifying the

transcript and protein accumulation data from these five

groups, we found that the protein abundance of OsCOL4-FLAG

was significantly higher in the ehd6 mutant background than in

Dongjin (Supplemental Figure 10L) despite there being no

significant difference in the expression of OsCOL4-FLAG be-

tween the Dongjin and ehd6 backgrounds (Supplemental

Figure 10K). Accordingly, the overexpression of OsCOL4 with

equal transcription levels resulted in a more pronounced delay

in heading date in the ehd6 mutant compared with the

Dongjin background (Supplemental Figure 10A, 10M, and 10N).

Similarly, when OsCOL4 was overexpressed with lower

transcription levels in the ehd6 background compared with

Dongjin, a similar delay in heading date was observed

(Supplemental Figure 10C, 10O, and 10P). These findings

strongly indicated that EHD6 promotes flowering by negatively

impacting the accumulation of the OsCOL4 protein rather than

modulating its transcription.

Next, we explored whether EHD6’s condensation is crucial for in-

hibiting the accumulation of OsCOL4. We co-expressed either

full-length EHD6 or EHD6-DPrLD (lacking condensation capa-

bility) with OsCOL4-HA in protoplasts derived from ehd6.

Significantly, a higher protein abundance of OsCOL4-HA was

observed when it was co-expressed with EHD6-DPrLD than

when it was co-expressed with full-length EHD6 (Figure 6H),

even though the transcription levels of OsCOL4-HA were equal

(Supplemental Figure 11A). These findings suggested that

EHD6 functions in preventing the accumulation of OsCOL4

protein and that this regulatory role is dependent on the PrLD

domain-mediated phase separation.

To investigate whether YTH07 also influences the protein abun-

dance of OsCOL4, since no difference in OsCOL4 expression

was observed between the yth07 mutant and Dongjin

(Supplemental Figure 12A), we employed the same reporter

constructs used above: 35S:GFP as a non-YTH07 target

control andUBI:OsCOL4-FLAG for detecting theOsCOL4 protein

levels. After introducing an equal amount of reporter construct

into the protoplasts of Dongjin and yth07, we observed a higher

abundance of OsCOL4-FLAG protein in yth07 compared with

Dongjin, while the abundance of GFP protein remained equal in

both backgrounds (Supplemental Figure 12B). These results

suggested that YTH07 inhibits the accumulation of OsCOL4

protein. Consistent with this, Ehd1 (Lee et al., 2010), which acts

downstream of OsCOL4, exhibited a significant reduction of

expression in yth07 (Supplemental Figure 12C).
M

Together, these results suggest that both EHD6 and YTH07

repress the accumulation of OsCOL4 protein, rather than altering

its transcription level.
EHD6 promotes rice flowering through the Ehd1
pathway

Previous studies reported that OsCOL4 can repress flowering

independently of photoperiod by negatively regulating the

expression of Ehd1 (Lee et al., 2010). Since EHD6 inhibits

the accumulation of OsCOL4 protein, we further examined the

expression of Ehd1 and other key genes in the ehd6 mutant

and Dongjin. As expected, the mRNA abundances of Ehd1

and the downstream florigen genes Hd3a and RFT1 were

lower in the ehd6 mutant under LD and SD conditions

(Figure 7A and Supplemental Figure 13A and 13B). However,

other key flowering genes, including DTH8, Ehd2, Ehd4, Ghd7,

Hd1, and Hd2, were similarly expressed in the ehd6

mutant and Dongjin (Supplemental Figure 13C–13H). These

observations suggested that EHD6 regulates flowering through

the Ehd1 pathway. For verification, we created the ehd1

mutant in the Nipponbare background using CRISPR-Cas9

(Supplemental Figure 13I), and the ehd6-cr2 ehd1 double

mutant was generated by crossing. The ehd6-cr2 ehd1 double

mutant showed a heading date very close to that of the ehd1

single mutant under both NLD and NSD conditions, indicating

that Ehd1 is epistatic to EHD6 (Figure 7B and 7C). Our results

thus suggested that EHD6 regulates flowering in rice through

the Ehd1 pathway.
DISCUSSION

m6A is the most abundant modifier of mRNAs in higher eukary-

otes. Accumulating evidence suggests that m6A regulates

various aspects of cellular physiology in both animals and plants

(Roundtree et al., 2017; Shao et al., 2021). Readers are needed to

implement the biological functions of m6A methylation. Although

YTH family m6A readers have been identified both in mammals

and plants, whether there is a need for an assistant component

for efficient m6A binding and how they act remain unexplored.

In this study, we obtained several lines of evidence showing

that the RBP EHD6 recruits the m6A reader YTH07 for efficient

m6A binding and represses the accumulation of protein

encoded by their target (OsCOL4) through phase separation to

regulate flowering in rice.

Firstly, a conjoint analysis of EHD6-CLIP, YTH07-CLIP, and m6A-

SEAL-seq suggested that �80% (5796 out of 7263) of EHD6’s

targets were m6A modified, and �80% (1397 out of 1751) of

YTH07’s target genes overlapped with those of EHD6

(Figure 4D). In addition, the binding sites of both EHD6 and

YTH07 were enriched in the same region near the m6A

modification site of all their common targets (Figure 4E), and

the enriched motifs of EHD6 and YTH07 resembled the

canonical m6A motif in plants (Supplemental Figure 5D).

This evidence strongly indicates that EHD6 and YTH07 are

highly associated with m6A. Moreover, the interaction between

EHD6 and YTH07 (Figure 2E–2I), coupled with the stronger m6A

affinity of EHD6-YTH07 compared with EHD6 or YTH07 alone

(Figure 4G), suggested that EHD6 can cooperate with YTH07 to

efficiently bind m6A.
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Figure 7. EHD6 promotes flowering
through the Ehd1 pathway.
(A) qRT–PCR analysis of rhythmic expression of

Ehd1 in Dongjin and the ehd6 mutant under LD

(left) and SD (right) conditions. The rice UBIQ-

UITIN gene was used as the internal control.

Values are means ± SD; n = 3. White and black

boxes denote light and dark periods, respectively.

(B and C) Phenotypes and heading dates of

Nipponbare (NIP), ehd6-cr2, ehd1, and the ehd6-

cr2 ehd1 double mutant under NLD conditions.

The ehd6-cr2, ehd1, and ehd6-cr2 ehd1 mutants

are all in the NIP background. Scale bar corre-

sponds to 20 cm. Values are means ± SD; n ˃ 9.

(D) A model depicting the function of EHD6 in

flowering control. Transcripts of OsCOL4 are

methylated by m6A writers in the nucleus and

transported to the cytoplasm. EHD6 not only

binds the m6A-modified mRNAs by itself, but also

interacts with the m6A reader YTH07, which

boosts the affinity of EHD6 for the m6A-modified

CONSTANS-like mRNA (OsCOL4). The RNP

comprising EHD6, YTH07, and m6A-modified

OsCOL4mRNA undergoes phase separation and

moves to RNP granules where it inhibits the

translation ofOsCOL4mRNA.OsCOL4 is a strong

flowering repressor; reduction of its abundance

releases repression of Ehd1 and downstream

florigen genes, resulting in early flowering. In the

ehd6 mutant, YTH07 has weaker m6A binding

ability and diffuses throughout the cytoplasm,

leading to more free OsCOL4 mRNAs and more

OsCOL4 protein accumulation. In turn, the accu-

mulation of OsCOL4 protein represses expres-

sion of Ehd1 and downstream florigen genes, re-

sulting in late flowering.

Molecular Plant RNA binding protein EHD6 recruits the m6A reader YTH07
The observation that EHD6 can bind both m6A and A, while

YTH07 specially binds m6A (Figure 4A and 4B), suggests that

only YTH07 can distinguish m6A and A in vitro. In addition,

considering that YTH07 exhibits a superior capacity for m6A

binding compared with EHD6 (Figure 4A, 4B, and 4G), we

propose that YTH07 primarily drives m6A binding, while EHD6

plays a supportive role in facilitating YTH07’s interaction with

m6A. Nevertheless, since both YTH07 and EHD6 have the
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ability to bind to m6A (Figure 4A and 4B),

the scenario where EHD6 and YTH07

bind to m6A concurrently still cannot be

dismissed.

It is widely recognized that m6A readers fall

into three categories (Shi et al., 2019). The

first comprises the YTH family proteins,

which possess a YTH domain enabling

them to bind directly to m6A. The second

category is the heterogeneous nuclear

ribonucleoproteins, often referred to as

m6A-switch. The third category includes

RBPs such as FMR1 and IGF2BPs,

which exhibit a preference for binding

to m6A. EHD6, identified as an RBP

with three RNA recognition motifs
(Supplemental Figure 7B), has the ability to bind both m6A

and A (Figure 4A) and has an in vivo binding site enriched

with m6A (Figure 4C). These patterns closely align with the

characteristics of the third category of m6A readers. However,

the relatively lower in vitro m6A affinity of EHD6 (Figure 4A)

compared with FMR1 and IGF2BPs in animals makes us hesi-

tant to strictly define EHD6 as an m6A reader. We lean toward

defining EHD6 as a chaperone protein that assists YTH07 in
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binding m6A and plays a pivotal auxiliary role in m6A

recognition.

Secondly, we demonstrated that EHD6 colocalizes with SGs

(Figure 5A and Supplemental Figure 7C–7E). YTH family m6A

readers were identified in a proteomic analysis of mammalian

SG cores, suggesting that these non-membrane structures are

closely associated with m6A (Jain et al., 2016; Fu et al., 2020). It

is worth noting that a previous study reported that EHD6 is

localized in the nuclei of rice cells (Lyu et al., 2020). However,

in this study, we observed no nuclear localization of EHD6

in pEHD6:EHD6-GFP/ehd6 stable transgenic plants or in

the rice protoplast and N. benthamiana leaf epidermal cell

transient expression systems (Figure 5A and Supplemental

Figure 7D and 7E). In addition, subcellular immunoblot analysis

of the pEHD6:EHD6-FLAG/ehd6 transgenic complementation

lines revealed that the EHD6 protein was present exclusively in

the cytoplasm (Supplemental Figure 7A). The discrepancy in the

subcellular localization of EHD6 may be due to the difference

in genetic backgrounds. As EHD6 was reported to be

phosphorylated by GLYCOGEN SYNTHASE KINASE 2 (Lyu

et al., 2020), it would be intriguing to investigate whether the

phosphorylation state of EHD6 affects its subcellular localization.

Thirdly, despite the well-known roles of m6Amodification in regu-

lating mRNA stability and promoting translation, genome-level

evidence suggests that m6A can also be involved in translation

repression (Ries et al., 2019; Liu et al., 2023). Similarly, cis-m6A

QTL mapping in human cells found that quite a lot of m6A-

targeted mRNAs have reduced translation efficiency, raising the

possibility that specific RBPs mediate translation repression

(Zhang et al., 2020). However, there is limited direct

biochemical and genetic evidence to substantiate this notion. In

this study, we found that, with equal transcription levels

(Supplemental Figure 10K), the protein level of OsCOL4-FLAG

was higher in the ehd6 mutant than in wild-type background

transgenic plants (Supplemental Figure 10L), suggesting that

EHD6 plays a negative role in the accumulation of its target

protein. Considering that EHD6 is an RBP and interacts with the

m6A reader YTH07, the EHD6-YTH07 interaction could be an

example of translation repressionmediated by the interaction be-

tween an RBP and an m6A reader in plants.

Moreover, we discovered that EHD6 can trigger the relocation of

YTH07 to RNP granules through a phase separation mechanism

(Figure 5D–5H). This observation aligns with previous reports that

m6A-containing mRNAs can enhance the phase separation

potential of YTHDF proteins and promote SGs formation (Ries

et al., 2019; Fu et al., 2020). SGs were initially described in

mammalian cells subjected to heat shock and later found to be

associated with human chronic diseases such as amyotrophic

lateral sclerosis, frontotemporal degeneration, and Alzheimer’s

disease (Riggs et al., 2020). SG protein aggregation is also

linked to animal aging and lifespan (Lechler et al., 2017; Cao

et al., 2020), suggesting that SGs can also form stably

independently of short-term stress stimulation. Interestingly, we

observed that EHD6 formed foci in the cytosol and co-localized

with the SG marker AtPAB2 under normal conditions (Figure 5A

and Supplemental Figure 7D and 7E), which is distinct from the

stress-induced SG-localized m6A readers, such as Arabidopsis

ECT2 (Scutenaire et al., 2018). Strikingly, the SG marker
M

AtPAB2 exhibited focal localization pattern in the presence of

EHD6 even at normal temperatures (Supplemental Figure 7D–

7F). This suggested that EHD6 can condense other proteins,

including AtPAB2. This led us to suspect that what EHD6 local-

izes to is not a typical SG, although EHD6 co-localized with the

SG marker AtPAB2 under both normal and stress conditions.

Therefore, we use the term ‘‘RNP granules,’’ which encompass

various membraneless granule structures in the cytoplasm, to

describe the localization of EHD6. Considering that SG formation

provides an elegant mechanism to arrest mRNA translation in

response to stress (Kosmacz et al., 2019; Ripin et al., 2023),

we hypothesize that the condensation of EHD6 and YTH07

sequesters the OsCOL4 mRNA from the translation machinery,

or exhibits reduced dynamics, consequently attenuating

translation and ultimately leading to a decrease in the OsCOL4

protein level.

In addition, it is worth pointing out that the ehd6 mutant shows a

more pronounced late flowering phenotype than the yth07

knockout lines (Figures 1A, 1B, 3A, and 3B). A comparative

analysis of the interdependence between EHD6 and YTH07 in

m6A and OsCOL4 binding reveals that the absence of EHD6

weakens YTH07’s capacity to bind m6A and OsCOL4 (Figure 4I

and Supplemental Figure 9A). However, the absence of YTH07

does not significantly alter EHD6’s ability to bind m6A and

OsCOL4 (Supplemental Figures 5F and 9B). One possible

explanation for this observation could be redundancy among

the 12 members of YTH family in rice (Supplemental Figure 6A).

Further knockout of YTH family members using CRISPR-Cas9

could identify more regulators involved in the EHD6-mediated

m6A-dependent flowering pathway.

In summary, we discovered EHD6, an RBP that can interact with

the m6A reader YTH07. EHD6-YTH07 can efficiently bind m6A-

modified OsCOL4 mRNA, triggering phase separation and the

formation of RNP granules. Consequently, this process prevents

translation of OsCOL4 in the cytoplasm, thereby reducing the

protein abundance of OsCOL4. As a result, the expression of

the key floral integrator gene Ehd1 is promoted, leading to an ac-

celeration of flowering under both LD and SD conditions

(Figure 7D). Our results elucidate a mechanism whereby EHD6

collaborates with YTH family proteins for efficient m6A

recognition and condenses m6A-modified mRNAs to form RNP

granules. This discovery reveals a potential role of m6A in

translation repression, providing significant insight into the

post-transcriptional regulation of rice flowering. Since EHD6 pro-

motes flowering under various conditions, this finding provides a

mechanism to adjust heading date without altering the photope-

riod or temperature response. Thus, both EHD6 and YTH07 could

serve as targets for rice breeders to optimize flowering in different

geographical regions.
METHODS

Plant materials and growth conditions

The ehd6 mutant was obtained from the progeny of a transgenic

line in the Dongjin (O. sativa L. ssp. japonica) background, but it

has no T-DNA insertion, so the mutation likely comes from tissue

culture-mediated mutagenesis. All plants for phenotypic obser-

vation were grown in Nanjing (31�140N, 118�220E) during the
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summer, representing NLD conditions, and at Lingshui (18�220N,
109�450E) during the winter, representing NSD conditions. Plants

were also grown in climate chambers under CLD (14 h light/10 h

darkness, 28�C) and CSD (10 h light/14 h darkness, 28�C) condi-
tions to observe the phenotype and examine the expression of

flowering-related genes. To determine whether the heading

date difference between Dongjin and the ehd6 mutant was

affected by the environment, we planted the materials at Beijing

(39�900N, 116�300E), Lianyungang (35�070N, 119�480E), Xuzhou
(34�150N, 117�110E), Huaian (33�360N, 119�010E), Nanchang

(29�110N, 116�350E), and two locations at similar latitudes

(22�480N, 103�130E and 22�390N, 101�40E) in Yunnan Province

that differed by more than 1200 m in altitude, creating a more

than 7�C temperature difference under similar photoperiod

conditions.

Identification of EHD6 by bulked segregant analysis

The ehd6mutant was crossedwith Dongjin to produce an F2 pop-

ulation; leaf tissues from 30 early-flowering and 30 late-flowering

F2 plants were separately pooled. Genomic DNAs of the two

pools were extracted using the CTABmethod followed by isopro-

panol precipitation and sequenced using next-generation

sequencing (Illumina, coverage: �303). A modified MutMap

pipeline (Fekih et al., 2013) was used to identify the causal

mutation. The candidate mutation site was confirmed in more

individual F2 plants by Sanger sequencing.

Vector construction and plant transformation

The full-length CDS of EHD6 driven by its native promoter (2.0 kb)

was cloned into the binary vector pCAMBIA1390-FLAG (or

pCAMBIA-1305.1) to generate the pEHD6:EHD6-FLAG (or

pEHD6:EHD6-GFP) construct for complementation tests. Agro-

bacterium tumefaciens strain EHA105 cells containing the resul-

tant plasmid were introduced into calli of the ehd6 mutant.

Expression of the target gene in T0 transgenic lines was verified

using western blot analysis, and positive T1 transgenic lines

were phenotyped for heading date.

To develop the ehd6, ehd1, and yth07 single mutants, we

knocked out the genes using genomic editing vectors containing

20-bp gene-specific spacer sequences targeting EHD6, Ehd1,

or YTH07 in the pYLCRISPR-Cas9Pubi-H backbone (Ma

et al., 2015). The resultant plasmids were transformed into

A. tumefaciens strain EHA105 and then separately introduced

into calli of Nipponbare and Dongjin. The edited T0 transgenic

lines were analyzed by Sanger sequencing, and homozygous

T1 lines were selected for phenotyping.

Primers used in vector construction and transgenic plant identifi-

cation are listed in Supplemental Table 4.

Gene expression analysis

Leaf samples from Dongjin and ehd6 mutant plants grown under

CLD (50 days after sowing) or CSD (27 days after sowing)

conditions were collected to investigate diurnal expression of

flowering-related genes. Total RNA was isolated from frozen tis-

sues using an RNAprep Pure Plant kit (TIANGEN, DP432) accord-

ing to manufacturer’s manual, and total RNA was extracted from

protoplasts using the Trizol (Invitrogen, 15596018CN)method fol-

lowed by isopropanol precipitation. Total RNA was reverse tran-
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scribed using PrimeScript II Reverse Transcriptase (Takara,

2690A) with Oligo(dT) 18 primer. qRT–PCR was performed with

TBGreen Premix Ex Taq (Takara, RR420A) according to the oper-

ation manual. Rice Ubiquitin (UBQ) was used as the internal

control.

A 3.2-kb promoter was cloned into pCAMBIA-1305.1 to create

the pEHD6:GUS construct, and the resultant plasmid was trans-

formed into Dongjin. Primers used for vector construction

are listed in Supplemental Table 4. Fresh samples from

the pEHD6:GUS transgenic plants were incubated for 4 h

in a staining buffer (50 mM NaH2PO4$2H2O, 50 mM

Na2HPO4$2H2O, 1 mM K3[Fe(CN)6], 1 mM K4[Fe(CN)6], 10 mM

EDTA, 0.1% Triton X-100, 1 mg/ml X-GluC) in darkness at

37�C. The stained tissues were cleared with 70% ethanol for

imaging.
Subcellular localization

Transient expression assays were performed on rice leaf proto-

plasts and N. benthamiana leaves. The full-length CDSs of

EHD6 and YTH07 were amplified and separately cloned into the

pCAMBIA-1305.1 vector to produce the p35S:EHD6-GFP and

p35S:YTH07-GFP constructs. The method for rice leaf protoplast

preparation and transformation was described in a previous

study (Zhang et al., 2011). The subcellular localization of

the EHD6 and YTH07 proteins was also observed in

N. benthamiana leaves. GFP was fused to the C termini of

EHD6 and YTH07, as well as three different truncated domain

forms of EHD6, under the control of the 35S promoter in the

vector pCAMBIA-1305.1; mCherry was also fused to the C termi-

nus of YTH07 when it was co-expressed with EHD6-GFP. The

EHD6-GFP fusion, ECT2-GFP fusion, SG marker (AtPAB2-

mCherry), P-body marker (AtDCP1-mCherry), YTH07-GFP

fusion, YTH07-mCherry fusion, EHD6-DN-RRM-GFP, EHD6-

DPrLD-GFP, and EHD6-DC-RRM-GFP constructs were trans-

formed into the A. tumefaciens strain EHA105. Activated cells

were harvested, resuspended in induction medium (10 mM

MgCl2, 10 mM MES-KOH [pH 5.7], 200 mM AS), and incubated

at 28�C for 2–4 h. Then the mixed A. tumefaciens strains were in-

filtrated into 4- to 5-week-old N. benthamiana leaves. Fluores-

cence signals were detected using a Leica TCS SP8 confocal mi-

croscope 48 h after infiltration. Primers used in the assay are

listed in Supplemental Table 4.

For subcellular immunoblot analysis, the subcellular fractions

were isolated using a Minnte Plasma Membrane Protein Isolation

for Plant (Invent Biotechnologies, SM-005-P) according to the

manufacturer’s manual. For immunoblotting, Anti-FLAG (Sigma,

A8592), Anti-HSP (Beijing Protein innovation, AbM51099-31-

PU), and Anti-H3 (Abcam, ab1791) were used.

To observe the protein subcellular location in transgenic rice,

GFP was fused to the C termini of EHD6 and YTH07 under the

control of their native promoters. The pEHD6:EHD6-GFP

construct was introduced into the ehd6 background, and a trans-

genic complementation line was selected to observe the GFP

fluorescence in roots. Meanwhile, the pYTH07:YTH07-GFP

construct was introduced into the COM13 (EHD6-FLAG comple-

mentation line) background, and the GFP fluorescence in the
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roots of transgenic lines was observed. 40,6-diamidino-2-

phenylindole (1 mg/ml) was used to mark cell nuclei.

Yeast two-hybrid assay

Yeast two-hybrid screening was performed following the

Matchmaker GAL4 Two-Hybrid System manual (Clontech). The

full-length CDS of EHD6 was amplified and cloned into the

pGBKT7 vector, and then transformed into the yeast strain

AH109. The EHD6 protein was used as a bait to screen a cDNA

library (in the Y187 strain) prepared from equal amounts of

mRNAs from 50-day-old (CLD conditions) and 27-day-old (CSD

conditions) mixed rice leaves (ZT0, ZT4, ZT8, ZT12, ZT16, and

ZT20). For confirmation of interaction, the CDS of YTH07 was in-

serted into the pGADT7 vector and various plasmid combinations

were co-transformed into yeast strain AH109 according to man-

ufacturer’s manual. Combinations of the respective empty

pGADT7 or pGBKT7 vectors were used as negative controls.

Yeast strains with the combinations were spread onto SD/-

Trp/-Leu plates and incubated at 30�C for 3–5 days. Clones

were then plated onto SD/-Ade/-His/-Leu/-Trp dropout screening

medium to test for protein interaction. Primers are listed in

Supplemental Table 4.

BiFC analysis

The CDSs of EHD6, YTH07, other YTH family members, and trun-

cated variants of YTH07 were separately inserted into the P2YN

and P2YC vectors and introduced into A. tumefaciens strain

EHA105. Combinations with empty P2YN or P2YC were used as

negative controls. Activated cells were harvested, resuspended

in induction medium, and incubated at 28�C for 2–4 h. The mixed

A. tumefaciens strains were infiltrated into 4- to 5-week-old

N. benthamiana leaves. Fluorescence signals were detected us-

ing a Leica TCS SP8 confocal microscope 48 h after infiltration.

Primers are listed in Supplemental Table 4.

Pull-down assay

To detect the interaction between EHD6 and YTH07, other YTH

family members, and truncated variants of YTH07 in vitro, the

CDS of EHD6 was amplified and cloned into the vector pMAL-

c2X, and the CDSs of YTH07, other YTH family members, and

truncated variants of YTH07 were amplified and cloned into the

vector pGEX-4T-2. Then the MBP-EHD6, GST-YTHs, GST-N-

YTH07/M-YTH07/C-YTH07, and GST proteins were expressed

in cells of Escherichia coli strain BL21 (DE3) under induction

with 0.5 mM isopropyl b-D-thiogalactopyranoside (IPTG) while

shaking at 16�C for 22 h. The E. coli cells were collected and re-

suspended in PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM

Na2HPO4, 2mMKH2PO4). The resuspended liquid was sonicated

to break the cells until the liquid was clear (cycles of 3 s on, 10 s

off) and then centrifuged at 15 000 g for 10 min to collect the su-

pernatant for pull-down analysis. Roughly equal amounts of

GST or GST-YTH07/N-YTH07/M-YTH07/C-YTH07 protein were

mixed with GST MA (Solarbio, M2320) at 4�C for 1 h, and then

incubated with MBP-EHD6 at 4�C for an additional 1 h before

the next incubation, taking a small amount as input. The agarose

was washed six times with PBS (with an additional 0.5%

IGEPAL CA-630 [Sigma, I8896] and 400 mM NaCl) and then

boiled with protein loading buffer (50 mM Tris–HCL [pH 6.8],

2% SDS, 10% glycerol, 0.1% bromophenol blue, and 1% b-mer-
M

captoethanol) at 100�C for 5 min. The proteins were separated

in 4%–20% SDS–PAGE gels (GenScript, M00656) and detected

by western blot analysis using anti-GST antibodies (Abmart,

M20007L) and anti-MBP antibodies (NEB, E8032L).

Co-immunoprecipitation (Co-IP) assay

To detect interaction between EHD6 and YTH07 in vivo, the CDS

of EHD6 was amplified and cloned into the pCAMBIA1390-FLAG

vector to produce the EHD6-FLAG construct, and the CDS of

YTH07 was inserted into pCAMBIA-1305.1 to produce the

YTH07-GFP construct. Both constructs were introduced into

A. tumefaciens strain EHA105. Activated cells were harvested,

resuspended in the above induction medium, and incubated at

28�C for 2–4 h. The mixed A. tumefaciens combinations were in-

filtrated into 4- to 5-week-old N. benthamiana leaves, and after

72 h 3 g of leaf tissue with veins removed was ground into a

fine powder in liquid nitrogen. Immediately after turning dark

green, the sample was resuspended in NB1 buffer (50 mM

Tris–MES [pH 8.0], 10 mM EDTA, 0.5 M sucrose, 1 mM MgCl2,

5 mM DTT and 13 protease inhibitor cocktail [Roche,

11836170001]). The samples were thoroughly mixed, incubated

with rotation at 4�C for 30 min, and centrifuged at 15 000 rpm

for 20 min at 4�C. Protein G MA (Millipore, LSKMAGG10) was

washed twice with NB1 buffer, added to the sample lysate, and

incubated at 4�C for 1 h for prehybridization. A portion of the su-

pernatant was saved as the input, and the remaining portion was

incubated with pre-cleaned GFP Magnetic Agarose beads (MBL,

D153-10) at 4�C for 2 h. Subsequently, the agarose beads were

washed thrice with NB1 buffer (including 0.1% IGEPAL CA-630)

and then resuspended in NB1 buffer. To elute the bound protein

from the agarose, the mixture was boiled with protein loading

buffer (containing 50 mM Tris–HCL [pH 6.8], 2% SDS, 10% glyc-

erol, 0.1% bromophenol blue, and 1% b-mercaptoethanol) for

5 min at 100�C. The immunoprecipitated proteins, along with

the protein extracts from the input, were separated using 4%–

20% SDS–PAGE gels and subsequently detected using Anti-

FLAG antibodies (Sigma, A8592) and Anti-GFP antibodies

(GenScript, A01388). Primers are listed in Supplemental Table 4.

To better illustrate the interaction of EHD6 and YTH07 in vivo, the

CDSs of YTH07 and GFP were separately cloned into the

pAN580-HA vector to produce the YTH07-HA and GFP-HA con-

structs. These constructs were separately transformed into

the protoplasts of EHD6-FLAG complementation lines. The

method for rice leaf protoplast preparation and transformation

was described in a previous study (Zhang et al., 2011). We

performed Co-IP assays using HA Magnetic Agarose beads

(MBL, M180-10), and the steps for this method are similar to

those for the Co-IP method for N. benthamiana leaves.

FA-CLIP

FA-CLIP was conducted following the protocol described previ-

ously (Song et al., 2021). Three grams of 21-day-old rice leaves

from plants (ehd6, pEHD6:EHD6-FLAG/ehd6, and transgenic

seedlings expressing YTH07-GFP [pYTH07:YTH07-GFP] intro-

duced into COM13 [pEHD6:EHD6-FLAG]) grown under CSD con-

ditions for each biological replicate were fixed in 37ml of 1% form-

aldehyde solution for 15 min at room temperature under vacuum,

after which 2.5ml of 2M glycine solutionwas added to quench the

reaction for 5 min under vacuum. The fixed samples were then
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frozen in liquid nitrogen and ground thoroughly with a TissueLyser

II (QIAGEN) at 30 Hz for 2 min. Subsequently, 3 ml of lysis buffer

(150 mM KCl, 50 mM HEPES [pH 7.5], 2 mM EDTA, 1% NP-40,

0.5 mM DTT, 13 cocktail protease inhibitor, and 40 U/ml RNase

inhibitor) was added. Themixturewas incubated at 4�Cwith gentle

rotation for 20 min. These lysates were centrifuged at 13 000 rpm

for 15 min at 4�C, and the supernatants were filtered using a 0.22-

mmmembrane filter. Then, 3 ml of Turbo DNase (Thermo, AM2238)

and 3000 U of RNase T1 (Thermo, EN0541) were added, followed

by a 15-min incubation at 22�C.Meanwhile, 25 ml of Anti-FLAGM2

Magnetic beads (Sigma, M8823) and GFP-Trap magnetic beads

(Chromotek, gtma) per sample were washed with low-salt wash

buffer (300 mM KCl, 50 mM HEPES [pH 7.5], 0.05% NP-40,

0.5 mM DTT, and 13 protease inhibitor). The washed beads and

the sample solution were incubated at 4�C for 3 h. The beads

were collected, washed three times with low-salt wash buffer,

and resuspended in 396 ml of low-salt wash buffer with 4 ml of

RNase T1 added, followed by a 15-min incubation at 22�C. After
three washes with high-salt wash buffer (500 mM KCl, 50 mM

HEPES [pH 7.5], 0.05% NP-40, 0.5 mM DTT, and 13 protease in-

hibitor), the beads were proceeded to end repair and phosphory-

lation. Finally, the beads were digested with proteinase K, and the

RNA was recovered with RNA Clean & Concentrator-5 (Zymo,

R1014) followed by library construction using the NEBNext Small

RNA Library Prep Set for Illumina.

RIP-qPCR

The FA-RIP-qPCR assay was performed following a previously

described procedure (Song et al., 2021). In brief, leaves from

21-day-old transgenic plants expressing EHD6-FLAG and

YTH07-GFP were separately fixed with 1% formaldehyde solu-

tion. The fixed plant materials were ground into powder and incu-

bated with lysis buffer in head-over-tail rotation for 30 min at 4�C.
After full lysis and centrifugation, the lysates were collected and

digested with RNase T1, and then immunoprecipitated with

pre-washed Anti-FLAG M2 beads, Anti-GFP beads, or a control

IgG conjugated with protein A Dynabeads on a rotating wheel

for 2 h at 4�C. After washing and proteinase K digestion, the

RNA fractions were recovered and reverse transcribed into

cDNA to calculate the relative enrichment fold via qRT–PCR.

UBQ was used as the internal control.

When conducting RIP-qPCR using protoplasts, the procedure was

largely identical to that when using leaf tissue, with the exception

that there was no vacuum applied during the formaldehyde cross-

linking process, and RNase T1 was not employed for digestion.

m6A-IP-qPCR

We conducted m6A-IP enrichment followed by qRT–PCR to

quantify changes in the m6A methylation level of a specific

target m6A site. In brief, 0.5 mg of fragmented poly(A)+ RNA ex-

tracted from 21-day-old Dongjing plants was supplemented

with 1 ml of 1:100 diluted m6A and non-m6A spike-in from the

EpiMark N6-Methyladenosine Enrichment Kit (NEB, E1610S).

Subsequently, m6A-IP was performed using the EpiMark N6-

Methyladenosine Enrichment Kit following the manufacturer’s

protocols. RNA from both the IP and Input fractions was then

extracted via acid phenol/chloroform extraction and subjected

to qRT–PCR. The spike-in served as a reference gene during

qPCR analysis.
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Isolation of RNP granules

RNP granules were isolated as described previously (Kosmacz

et al., 2019). Twenty-one-day-old leaves (Dongjin and ehd6

mutant) were ground to a fine powder in liquid nitrogen and

extracted in a lysis buffer (50 mM Tris–HCl [pH 7.4], 100 mM

potassium acetate, 2 mM magnesium acetate, 0.5% NP-40, 0.5

mM DTT, 1 mM sodium fluoride, 1 mM sodium orthovanadate,

13 cocktail protease inhibitor, and 40 U/ml RNase inhibitor) at

4�C for 30 min. After centrifugation at 4000 g for 10 min, the

supernatant was removed and the pellet containing RNPs was

resuspended in the lysis buffer. After the suspension was

centrifuged at 18 000 g for 10 min at 4�C, the pellet was resus-

pended in the lysis buffer. This step was repeated once. The sus-

pension containing RNPs was collected after a final centrifuga-

tion at 850 g for 10 min at 4�C.

RNA EMSA

To perform the RNA EMSA, the CDSs of EHD6, YTH07, and

YTH07-DYTH were inserted into the pGEX-4T-2 vector. The

GST-EHD6, GST-YTH07, GST-YTH07-DYTH, and empty GST

constructs were introduced into E. coli strain DE3, and protein

production was induced by culturing cells in 0.5 mM IPTG at

16�C for 20 h. The induced proteins were sonicated, purified

with GST MA (Solarbio, M2320), and eluted with 10 mM GSH

(10 mM GSH, 50 mM Tris [pH 8.0]). EMSA was performed using

a LightShift Chemiluminescent RNA EMSAKit (Thermo Scientific,

20158), according to themanufacturer’s protocol. The probes are

listed in Supplemental Table 2.

In vitro phase separation

In vitro phase separation was conducted as reported previously

(Wang et al., 2020a, 2023). Purified recombinant GFP-EHD6,

YTH07, and GFP kept in stock solution (20 mM HEPES [pH

7.4], 150 mMKCl, 1 mMDTT) were used for the phase separation

test. To check the influence of RNA on phase separation, GFP-

EHD6 was mixed gently with CY5-m6A or CY5-A (5 mM) in the

presence or absence of YTH07. GFP was used as a control. After

incubation at room temperature for 10 min, 5 ml of solution was

transferred to glass slides and imaged by a TCS SP8 confocal

laser scanning microscope (Leica). The probes are listed in

Supplemental Table 2.

FRAP

FRAP of EHD6-GFP or YTH07-mCherry proteins located in

cytoplasmic foci in tobacco was performed as described previ-

ously (Rosa, 2018). The TCS SP8 confocal laser scanning

microscope (Leica) was used, and a region of the EHD6-GFP or

the YTH07-mCherry foci was bleached using a 488- or 587-nm

laser pulse on a 203 objective. Recovery was recorded for a total

of 120 s after bleaching. All experiments were repeated three

times for each measurement.

In vivo RIP followed by LC–MS/MS for m6A
quantification

RIP was performed using a procedure similar to that

used for RIP-qPCR but without the RNase T1 digestion. The

FA-fixed 21-day-old pEHD6:EHD6-FLAG/ehd6 transgenic seed-

lings or protoplasts transiently expressing EHD6-FLAG and

YTH07-GFP were divided into two equal parts: one part for
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immunoprecipitation with FLAG M2 Magnetic beads (Sigma,

M8823) or GFP MA (MBL, D153-10), and the other for immuno-

precipitation with normal rabbit IgG (Sigma, I5006-50mg) bound

to Protein G MA (Millipore, LSKMAGG10). After washing and

ethanol precipitation, the m6A level in the recovered RNA frac-

tions was measured by LC–MS/MS.

The LC–MS/MS was performed as follows: RNA (200–300 ng)

was digested with 1 unit of Nuclease P1 (Wako, 145-08221) in

40 ml buffer containing 10% 0.1 M ammonium acetate (pH

5.3) at 42�C for 4 h, followed by the addition of 1 unit of shrimp

alkaline phosphatase (NEB, M0371S) and 10% Cutsmart

buffer at 37�C for 3 h, and the aqueous phase was injected

for LC–MS/MS. Nucleosides were separated by reversed-phase

ultra-performance liquid chromatography on a Kinete 2.6 mm

F5 100 Å column with on-line mass spectrometry detection

using liquid chromatography coupled to triple quadrupole

mass spectrometry (Triple Quad 6500+, AB Siex) in positive

electrospray ionization mode. The nucleosides were quantified

by using the nucleoside to base ion mass transitions of 282–

150 (m6A) and 268–136 (A). Quantification was performed in

comparison with the standard curve obtained from pure nucle-

oside standards run with the same batch of samples. The ratio

of m6A to A was calculated based on the calibrated concentra-

tions. All experiments were repeated three times.

Determination of protein abundance

To determine the mRNA and protein abundances of OsCOL4 in

Dongjin and the ehd6mutant,OsCOL4was amplified and cloned

into the binary vector pCAMBIA1390-FLAG to generate the

pUBI:OsCOL4-FLAG construct. The plasmid was then trans-

formed into A. tumefaciens strain EHA105 and separately intro-

duced into Dongjin and the ehd6mutant. Expression of the target

genes in T0 transgenic plants was analyzed using qRT–PCR, and

primers were designed to specifically target the exogenous Os-

COL4-FLAG. Lines with comparable OsCOL4-FLAG expression

levels in the ehd6mutant and Dongjin were selected for compar-

ison of the abundance of the OsCOL4-FLAG fusion protein. Pos-

itive T1 transgenic lines were selected for phenotyping.

To detect protein abundance in rice protoplasts, we inserted GFP

driven by the 35S promoter (p35S:GFP) into the recombinant

pUBI:OsCOL4-FLAG construct. GFP was used as the non-

EHD6 (or YTH07) target control. The method for rice leaf proto-

plast preparation and transformation was described in a previous

study (Zhang et al., 2011).

To determine the importance of the PrLD domain for EHD6-medi-

ated inhibition of OsCOL4 accumulation, we co-expressed full-

length EHD6, EHD6-DPrLD (incapable of condensation), or Osac-

tin (Os03g0718100, as a negative control) with the OsCOL4-HA

construct in protoplasts derived from ehd6. Anti-FLAG was

used to detect EHD6-FLAG, EHD6-DPrLD-FLAG, and Osactin-

FLAG. Anti-HA was used to detect OsCOL4-HA.

Data analysis for m6A-SEAL-seq

The m6A-SEAL-seq data (GSE129979) were downloaded from

NCBI GEO datasets. Adapter trimming and size selection were

performed using Cutadapt (v4.4) to retain fragments with a length

of 20 nt or greater. The sequenceswere thenmapped to the refer-
M

ence genome (IRGSP-1.0) with HISAT2 (v2.2.1) (Kim et al., 2015)

using default parameters. The m6A-enriched regions were

extracted using the MACS2 peak-calling algorithm (Dominissini

et al., 2013) based on default enrichment (IP/Input) parameters

and P < 0.01.

Data analysis for FA-CLIP

After adapter trimming with Cutadapt (v1.18), the reads R20 nt

in length were filtered out and mapped to the reference

genome (IRGSP-1.0) using HISAT2 (v2.1.0) (Kim et al., 2015)

with default parameters. Peak calling was conducted based

on default IP enrichment parameters (FA-CLIP-IP/FA-CLIP-

CONTROL) and false discovery rate < 0.05 with the MACS algo-

rithm (Dominissini et al., 2013) to identify significant EHD6 or

YTH07 binding sites.
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