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Organisms respond to daily light–dark cycles via the coordi-
nated actions of photoreceptors and the circadian clock1–3. 
Photoreceptors mediate light entrainment of the circadian 

clock by regulating the abundance and activity of core compo-
nents of the molecular oscillator to sustain the circadian phase and 
period lengths of ~24 h. Plant and insect CRYs act as photorecep-
tors to mediate photo-entrainment of the molecular oscillator, 
whereas mammalian CRYs act as the light-independent core com-
ponent of the molecular oscillator4–6. How photoreceptors mediate 
photo-entrainment of the circadian clock is not fully understood. 
For example, plant photoreceptors, including phytochrome A, phy-
tochrome B, cryptochrome 1 (CRY1) and cryptochrome 2 (CRY2) 
mediate photo-entrainment of the circadian clock by regulating 
messenger RNA transcription1. mRNA abundance is determined by 
not only mRNA synthesis, but also mRNA degradation7, yet involve-
ment of the latter in photo-entrainment is largely unexplored. It has 
been shown that m6A methylation of mRNAs regulates the circa-
dian clock8–10 and the stability of mRNAs11,12, but whether or how 
photoreceptors mediate light regulation of mRNA methylation or 
stability to control the circadian clock is not known.

CRYs mediate blue-light regulation of m6A 
epitranscriptome
Because m6A is the most abundant internal mRNA modifica-
tion13–15, we analysed m6A epitranscriptomes and transcriptomes in 
Arabidopsis wild-type (WT) and cry1cry2 mutant seedlings grown in 
darkness or in continuous blue light, using m6A methyl-RNA immu-
noprecipitation and RNA sequencing (m6A-seq) and conventional 
RNA-seq methods (Fig. 1a)16. We identified the transcriptomes and 
m6A-bearing epitranscriptomes of 21,817 and 8,877 genes, respec-
tively (P < 0.01, false discovery rate <0.01; Supplementary Table 
1). The m6A-bearing mRNAs detected in this study show 70–93% 
overlap with that of five Arabidopsis epitranscriptomes reported 
previously (Supplementary Table 1), confirming the high reproduc-
ibility of the m6A-seq approach. In comparison with WT seedlings 

grown in blue light, the cry1cry2 mutant exhibits ~45% reduc-
tion (P < 2.141 × 10−5) in the overall size of the m6A epitranscrip-
tome and a massive decrease in relative m6A abundance in mRNA 
(Extended Data Fig. 1 and Supplementary Table 1). Plotting binary 
logarithms of the blue light/dark (B/D) ratios of m6A reads against 
those of the respective transcripts reveals a positive correlation 
between photoresponsive changes in the overall epitranscriptomes 
and transcriptomes in WT plants (Fig. 1b), as well as that of indi-
vidual Gene Ontology (GO) groups such as clock-controlled genes 
(CCG) (Fig. 1c and Extended Data Fig. 2). Namely, a greater change 
in m6A abundance in response to blue light correlates with a greater 
change in transcript abundance and vice versa. This correlation is 
diminished in the cry1cry2 mutant (Fig. 1b,c, Pearson correlation 
r = 0.7 in WT, r = 0.3 in cry1cry2). The CRY-dependent change in 
m6A abundance may be due to changes in RNA abundance or/and 
changes in RNA methylation, so we examined how blue light and 
the cry1cry2 mutation affect the density of m6A markers along indi-
vidual transcripts, by mapping the binary logarithms of B/D ratios of 
m6A density to individual transcripts (Fig. 1d,e and Extended Data 
Fig. 2). This analysis demonstrates that m6A density changes show 
a clear CRY-dependent photoresponse, especially in the 3ʹ untrans-
lated regions (UTR) of the epitranscriptomes. CRY-mediated photo-
regulation of m6A RNA methylation is better shown by m6A density 
maps of individual mRNAs, such as those encoding photorecep-
tors (Fig. 1f), m6A writer proteins (Fig. 1g) and central oscillator 
genes (COGs) (Fig. 1h). These results suggest that CRY-dependent 
RNA methylation may have a role in signalling or feedback modes 
to sustain photochronological control of RNA metabolism1,4. m6A 
methylations have been detected in the transcripts of ten known 
COGs, including CCA1 that encodes a key component of the 
molecular oscillator in Arabidopsis17, and RNA deposition of those 
transcripts decreased markedly in light-grown cry1cry2 mutant 
plants in comparison with WT plants (Fig. 1h and Extended Data 
Fig. 1b). CCGs are consistently enriched non-proportionally in 
the m6A epitranscriptome (Fig. 1i and Supplementary Table 1).  
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For example, approximately 11–22% of m6A-modified mRNAs 
encoding nuclear, cytoplasmic, chloroplast or mitochondrial pro-
teins are classified as CCGs, more than twice the proportion of CCGs 
identified in unmodified mRNAs encoding the respective proteomes 
(3–7%). These results prompt us to investigate the hypothesis that 
CRYs may mediate blue-light regulation of m6A RNA methylation 
to affect mRNA abundance and the circadian clock.

Light-independent and light-dependent behaviours of the 
CRY2/writer complex
We tested the above hypothesis by investigating physical interac-
tions between CRY2 and the m6A methyltransferase (writer), 
because proteins associated with the functions of m6A RNA meth-
ylation were among putative CRY2-associated proteins identified 
in our CRY2 immunoprecipitation mass spectrometry (IP–MS) 
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Fig. 1 | CRYs mediate blue-light regulation of epitranscriptomes. a, Diagram showing the m6A-seq assay in this study. WT and cry1cry2 seedlings grown 
in the dark or in continuous blue light (30 μmol m−2 s−1) for 6 days were harvested for RNA isolation. The fragmentated RNA was either saved as the 
‘Input’ sample or used for immunoprecipitation (IP) with anti-m6A antibodies. Input and IP samples from three independent experiments were sequenced 
in parallel. b,c, Scatter plots showing photoresponsive changes in m6A and transcript abundance for the epitranscriptome (b) or CCG (c) of the indicated 
genotypes. log2[m6A (B/D)] is calculated from the ratio of fold changes (FC) in normalized m6A reads for light- and dark-grown samples (B/D). log2[RNA 
(B/D)] is calculated from the ratio of FC in fragments per kilobase of transcript per million mapped reads for light- and dark-grown samples (B/D).  
d,e, Photoresponsive m6A density changes in the genome-wide epitranscriptome (d) or CCG (e). log2[m6A density (B/D)] is calculated from the ratio of 
m6A density between light- and dark-grown (B/D) samples of the indicated genotypes. f–h, Genomic visualization of m6A density maps of representative 
photoreceptor genes (phyA, PHOT2 and UVR8) (f), m6A writer genes (MTA and MTB) (g) and core circadian clock gene CCA1 (h) in WT and cry1cry2 
seedlings grown in the dark (D) or in blue light (B). AT1G13060 is an arbitrarily selected gene that shows no change in density among different samples (h). 
Gene structures are displayed below the m6A density map with the UTR (grey box), exon (black box) and intron (black line) shown. Arrows indicate the 
direction of transcription. i, Differential enrichment of CCG among m6A-modified or unmodified transcripts of the indicated GO categories.
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surveys18. It has been reported previously that the Arabidopsis 
m6A writer proteins, MTA, MTB and FIP37, are counterparts of 
the key subunits of the metazoan METTL3/14-type m6A writer, 
METTL3, METTL14 and WTAP, respectively13,15,19, and that MTA, 
MTB and FIP37 are essential for m6A mRNA methylation in 
Arabidopsis15,20,21. In heterologous human embryonic kidney 293T 
(HEK293T) cells, CRY2 interacts with all three METTL3/14-type 
m6A writer proteins, MTA, MTB and FIP37, although no obvi-
ous light response was detected using co-immunoprecipitation 
assays (Extended Data Fig. 3). The seemingly light-independent 
formation of the CRY2/MTA and CRY2/FIP37 complexes is also 
detected in Arabidopsis seedlings (Fig. 2c,d). A modestly decreased 
co-immunoprecipitation signal of CRY2 detected in seedlings 
exposed to 15 min of strong (100 μmol m−2 s−1) blue light (Fig. 2b) 
most likely results from blue light-induced CRY2 degradation22,23. 
We found that human CRY2 (hCRY2) also forms a complex with 
the human METTL3/14 m6A writer proteins, including METTL3, 
METTL14 and WTAP in HEK293 cells (Fig. 2e,f), suggesting pos-
sible evolutionary conservation of interactions between CRYs and 
the writer proteins in plants and Metazoa. We then examined in 
more detail the interaction between CRY2 and MTA, which is the 
Arabidopsis counterpart of the catalytic subunit of mammalian m6A 
writer METTL3. Consistent with the light-independent interaction 
of CRY2 and MTA detectable in co-immunoprecipitation assays 
(Fig. 2a), the flavin adenine dinucleotide (FAD)-deficient mutant 
CRY2D387A24,25 also interacts with MTA (Extended Data Fig. 3d). 
We further analysed the domain relationship between CRY2 and 
MTA. CRYs have two domains, the photolyase homologous region 
(PHR) domain that binds to the chromophore FAD and the CRY 
C-terminal extension (CCE) domain, which is an intrinsically dis-
ordered region4. The C-terminal domain of MTA is highly homolo-
gous (~70% similar) with the methyltransferase domain (MTase) 
of human METTL3, whereas the N-terminal domain of MTA and 
METTL3 share little similarity. Both the PHR and CCE domains 
of CRY2 interact with MTA (Fig. 2a), and both the C-terminal 
MTase domain and N-terminal domain of MTA interact with the 
PHR domain of CRY2 (Fig. 2b). It is highly improbable that all the 
stable co-immunoprecipitation complexes detected result from 
non-specific promiscuous bindings. Rather, it seems more plau-
sible that CRY2 interacts with the m6A writer complex via multi-
valent interactions, including weak non-covalent bonds involving 
different domains of CRY2, different domains of the writer protein 
and different subunits of the writer complex (Fig. 2g). Consistent 
with this proposition, blue light clearly inhibits the interaction 
between the PHR domain of CRY2 and the MTase domain of MTA  
(Fig. 2b). This suggests that the CRY2/writer complex may undergo  

photoresponsive structural rearrangements in vivo, by altering vari-
ous non-covalent bonds involved in the multivalent interaction of 
CRY2 and writer proteins. For example, light may suppress interac-
tions between the PHR domain of CRY2 and the MTase domain of 
MTA but stimulate interactions between the CCE domain of CRY2 
and the N-terminal non-MTase domain of MTA in the native envi-
ronment of the full-length proteins. This scenario can explain the 
lack of a light response for interactions between full-length proteins  
(Fig. 2a, c) but clear light response for interactions between frag-
ments of CRY2 and MTA (Fig. 2b).

We further examined the possible photoresponses of the CRY2/
writer complexes using a bimolecular fluorescence complementa-
tion (BiFC) assay26 in Arabidopsis protoplasts. In the absence of 
CRY2 co-expression, MTA, MTB and FIP37 proteins all exhibit 
uniform distribution in the nucleoplasm (Fig. 2h,j). However, when 
CRY2 and these writer proteins are co-expressed as BiFC pairs in 
light-treated protoplasts, the reconstituted yellow fluorescent protein 
(YFP) fluorescence resulting from physical interaction between the 
respective BiFC pairs of CRY2–nYFP and MTA–cYFP, CRY2–nYFP 
and MTB–cYFP, or CRY2–nYFP and FIP37–cYFP (nYFP and cYFP 
are the N- and C-terminal fragments of YFP, respectively) is mostly 
detected in discrete nuclear speckles that resemble the CRY2 pho-
tobody26–28 (Fig. 2i, upper, and Fig. 2j). Subcellular co-localization 
assays indicate that the nuclear speckles of CRY2/writer com-
plexes coincide with the CRY2 photobody (Extended Data Fig. 4). 
In the control experiment, the photo-insensitive CRY2D387A–nYFP 
mutant still interacts with MTA–cYFP, as indicated by the recon-
stituted YFP fluorescence (Fig. 2i, lower, and Fig. 2j), which is con-
sistent with the light-independent interaction of CRY2 and MTA  
(Fig. 2a). Importantly, BiFC signals of the CRY2D387A–nYFP/MTA–
cYFP complex distribute uniformly in the nucleoplasm but not in 
the photobody (Fig. 2i, lower, Fig. 2j and Supplementary Video 1), 
which is consistent with the light-insensitive nature of the CRY2D387A 
mutant24,25. We reasoned that light may induce co-condensation of 
CRY2 and MTA in photobodies without changing the overall affin-
ity between CRY2 and MTA. To test this proposition, we compared 
the BiFC signal of CRY2–nYFP and MTA–cYFP fusion proteins 
co-expressed in Arabidopsis protoplasts kept in the dark or exposed 
to blue light (Fig. 2k,l). BiFC fluorescence signals resulting from 
interactions of CRY2–nYFP and MTA–cYFP were examined after 
excitation of YFP with a 514 nm laser, with or without the prior 
photo-activation of CRY2 by blue light (488 nm). In protoplasts 
kept in the dark, the BiFC signal of reconstituted YFP fluorescence 
was distributed uniformly in the nucleoplasm (Fig. 2k, upper; 0 s). 
However, within 3 s after blue light (488 nm) exposure, BiFC sig-
nals of the CRY2–nYFP/MTA–cYFP complex were detected mostly 

Fig. 2 | Multivalent interaction of the CRY2/writer complex. a, Co-immunoprecipitation assays showing interactions between MTA and CRY2 or CRY2 
fragments in HEK293T cells. BL, blue light (100 μmol m−2 s−1). Two independent experiments show similar results. b, Co-immunoprecipitation assays 
showing the interactions between CRY2N489 and MTA or MTA fragments in HEK293T cells. BL, blue light (100 μmol m−2 s−1). Two independent experiments 
show similar results. c,d, Co-immunoprecipitation assay showing CRY2/MTA (c) or CRY2/PIF37 (d) complexes in Arabidopsis. BL, blue light (30 μmol m−2 s−1).  
Two independent experiments show similar results. e, Co-immunoprecipitation assays showing interactions between hCRY2 and m6A writers in 
HEK293T cells. Two independent experiments show similar results. f, Co-immunoprecipitation assays showing interactions between METTL3 and different 
hCRY2 domains. Two independent experiments show similar results. g, Left: diagram depicting the multivalent interactions of CRY2 and MTA. The circle 
in the centre of an arch indicates the full-length protein. Coloured links indicate direct interactions between the domains. Right: comparison of Arabidopsis 
and human CRY/writer complexes. Coloured and grey links indicate interactions detected in this study and the literature, respectively. h, Subcellular 
distributions of MTA–YFP, MTB–YFP and FIP37–YFP in Arabidopsis protoplasts. The dashed circle outlines the protoplast, a zoomed in view of the nucleus is 
shown in the lower panel. Scale bar, 2 μm. i, BiFC assays showing interactions of CRY2/MTA, CRY2/MTB and CRY2/FIP37 in Arabidopsis protoplasts under 
blue light. CRY2D387A mutant is used as the negative control. Scale bar, 2 μm. j, Quantification of partition coefficient of YFP signals of writer–YFP fusion 
proteins or co-participation coefficient of BiFC signals of CRY2/writer complexes from the experiments shown in (i) and (h), respectively (mean ± s.d.; 
n = 18 measurements from five cells). k, Time-lapse images showing BiFC signals of CRY2/MTA and CRY2D387A/MTA complex in response to blue light. 
Scale bar, 2 μm. l, Co-partition coefficient of CRY2/MTA or CRY2D387A/MTA complex from the assay shown in (k) (mean ± s.d.; n = 15 measurements from 
three nuclei). m, Fluorescence recovery of CRY2/MTA BiFC signals in FRAP assay. The double exponential fit (dark line) of averaged recovery curves is 
shown (mean ± s.e.m.; n = 5 independent FRAP experiments).
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in the CRY2 photobodies (Fig. 2k, upper; 3 s). The co-partition 
coefficient of the BiFC signals, which measures the relative abun-
dance of the CRY2–nYFP/MTA–cYFP complex in the CRY2 pho-
tobody, increased by ~400% within 30 s of blue-light illumination  
(Fig. 2l). By contrast, the mutant CRY2D387A–nYFP/MTC–cYFP 
complex remained uniformly distributed throughout the nucleo-
plasm regardless of light treatment (Fig. 2k, lower, Fig. 2l), consistent 
with both the light-insensitive nature of the CRY2D387A mutant24,25 
(Extended Data Fig. 3d) and light-independent interaction of CRY2 

and MTA (Fig. 2a). As expected, no light-induced co-partition 
in photobodies was observed for the mutant CRY2D387A–nYFP 
and MTA–cYFP BiFC proteins (Fig. 2l). CRY1 also interacts with 
MTA (Extended Data Fig. 3e). These results are consistent with the 
hypothesis that CRY1 and CRY2 act redundantly to regulate mRNA 
methylation in Arabidopsis. Together, these results argue that light 
promotes recruitment of the CRY/MTA complex into the CRY pho-
tobody without increasing the overall affinity between CRY and 
MTA proteins. Light-induced co-condensation may increase local 
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concentrations of the CRY/MTA complex within the CRY photo-
body, at the expense of the MTA concentration outside the CRY 
photobody. This mechanism may allow light regulation of RNA 
methylation without altering the overall stoichiometry or cellular 
concentration of the CRY/MTA complex.

Blue light induces liquid–liquid phase separation of CRY2 
and the CRY2/MTA complex
CRY2 photobodies are blue light-induced CRY2 complexes observed 
for not only CRY2 fused to various fluorescent proteins, but also 
endogenous CRY2, and formation of CRY2 photobodies is integral 
to the photoresponsive function of CRY226–28. The PHR domain of 
CRY2 and light-clustering proteins fused to various other proteins 
have been shown to drive light-induced liquid–liquid phase separa-
tion (LLPS)29–31. However, whether light can induce LLPS of a photo-
receptor holoprotein in its native environment has not been reported. 
We reasoned that the multivalent nature of the interaction of CRY2 
and MTA (Fig. 2a,b), the unusual photoresponsive domain rela-
tionship (Fig. 2a–g) and photoresponsive enrichment of the CRY2/
MTA complex in the photobody (Fig. 2k–m) may be explained by 
photoresponsive LLPS of the CRY2 photobody. We tested whether 
CRY2 undergoes blue light-induced LLPS in vivo using four  
independent experiments, demonstrating that CRY2 photobodies 
have the hallmarks of light-induced LLPS32,33, such as spherality, 
mobility, fusibility and reversibility (Fig. 3, Extended Data Figs. 5–7 
and Supplementary Videos 1 and 3). First, CRY2–green fluorescent 
protein (GFP) expressed in transgenic plants developed photobod-
ies that are spherical droplets with a circularity and aspect ratio of 
~1 (Fig. 3a,b and Supplementary Video 1). Second, photobleached 
CRY2–GFP photobodies recovered rapidly (within 30–40 s) in 
fluorescence recovery after photobleaching (FRAP) assays, indicat-
ing that CRY2–GFP photobodies are composed of condensed but 
highly mobile CRY2–GFP molecules (Fig. 3c, Extended Data Fig. 5a 
and Supplementary Video 2). Third, CRY2–DsRed (Discosoma sp. 
RFP) transiently expressed in Arabidopsis protoplasts formed pho-
tobodies in a wavelength-specific and dark-reversible manner (Fig. 
3d, Extended Data Figs. 6 and 7 and Supplementary Video 3). In the 
fourth experiment, we analysed CRY2–YFP transiently expressed 
in Arabidopsis protoplasts because the CRY2–YFP photobodies are 
relatively easier to quantify under green excitation (514 nm) sub-
sequent to activation of CRY2 by blue light (488 nm). Formation 
of CRY2–YFP photobodies was FAD- and blue light-dependent 
(Fig. 3e, Extended Data Figs. 4 and 5 and Supplementary  
Video 1); CRY2–YFP molecules condensed in photobodies were 
highly mobile (Fig. 3n and Extended Data Fig. 5b,c); smaller CRY2–
YFP photobodies rapidly fused into larger ones (Fig. 3f); and forma-
tion of CRY2–YFP photobodies was inhibited by the LLPS inhibitor 

1,6-hexanediol (Fig. 3g). These results argue that CRY2 undergoes 
blue light-induced LLPS in vivo.

CRY2–YFP expressed in heterologous HEK293T cells also 
formed photobody-like structures (Fig. 3h); however, these appear 
not to be present in the liquid phase. In comparison with CRY2 
photobodies in plant cells, the photobody-like structures of CRY2–
YFP in HEK293T cells exhibited markedly lower structural sphe-
ricity and molecular mobility (Fig. 3i,j and Extended Data Fig. 8). 
We had previously shown that blue light-specific phosphorylation 
of CRY2 is required for its function18,34,35, and that CRY2 phosphor-
ylation is catalysed by photoregulatory protein kinases (PPKs) in 
plant cells or heterologous HEK293T cells18. We reasoned that phos-
phorylation might be required to keep CRY2 photobodies in the 
liquid phase to avoid non-liquid phase aggregation and inactivation 
of the highly condensed CRY2 in vivo. We tested this hypothesis 
using the FRAP assay. Indeed, CRY2–YFP co-expressed with PPK1 
in HEK293T cells formed photobodies with structural circularity 
and molecular mobility comparable with that of the CRY2–GFP 
or CRY2–YFP photobodies observed in vivo, whereas CRY2–YFP 
co-expressed with the catalytically inactive PPK1D267N mutant18 
shows significantly (P < 10−8) lower liquidity in the photobody-like 
structures (Fig. 3i,j and Extended Data Fig. 8). These results indi-
cate that phosphorylation is not required for the photoresponsive 
condensation of CRY2, but it is required to maintain CRY2 con-
densates in the liquid phase. Like phosphorylation, the intrinsically 
disordered CCE domain of CRY2 (Fig. 3k) is also not required for 
CRY2 condensation but it is required to maintain the CRY2 pho-
tobody in the liquid phase (Fig. 3l–n and Extended Data Fig. 9). 
Importantly, the light-induced rapid (30–40 s) co-condensation of 
the CRY2/MTA complex is also found in the liquid phase in vivo, 
because BiFC signals resulting from interacting CRY2 and MTA 
molecules in the photobody exhibit mobility (Fig. 2m and Extended 
Data Fig. 4f) that is indistinguishable from that of the CRY2 mol-
ecules (Fig. 3c and Extended Data Fig. 5c). Taken together, these 
results support the hypothesis that photo-excited CRY2 undergoes 
LLPS to concentrate the CRY2/writer complex in the condensed liq-
uid phase, or to bring the METTL3/14-type m6A writer proteins to 
the appropriate subnuclear foci, and facilitate mRNA methylation 
in light-grown plants.

CRYs and MTA suppress period lengthening of the 
circadian clock and degradation of the CCA1 mRNA
We next examined how the mta and cry1cry2 mutations affect cir-
cadian rhythmicity, using the pCCA1::LUC and pTOC1::LUC lucif-
erase reporters driven by the promoter of the COGs CCA1 and 
TOC1, respectively36,37. Because Arabidopsis loss-of-function mta 
mutants are embryonically lethal21,38, we prepared and analysed 

Fig. 3 | Blue light elicits LLPS of CRY2. a, Droplet-like CRY2 photobodies in plant cells. Arrows indicate the same CRY2 photobody observed in the bright 
field or GFP channel. Scale bar, 5 μm. Four independent experiments showed similar results. b, Circularity and aspect ratio of CRY2 photobodies in plant 
cells (mean ± s.d.; n = 166 measurements from ten nuclei). c, FRAP assays of CRY2–GFP photobodies in plants. The double exponential fit (dark line) 
of averaged recovery curves is shown (mean ± s.d.; n = 5 independent FRAP experiments). d, Reversibility of CRY2–DsRed photobodies in Arabidopsis 
protoplasts indicated by the partition coefficient (mean ± s.d.; n = 12 measurements from three nuclei). Blue, light on; grey, light off. e, Partition coefficient 
of CRY2–YFP photobody formation in protoplasts. CRY2D387A–YFP was used as the negative control (mean ± s.d.; n = 15 measurements from five nuclei). 
f, Fusion of CRY2–YFP photobodies in protoplasts, presented as either time-lapse images or a kymograph. Scale bar, 1 μm. Two independent experiments 
show similar results. g, 1,6-Hexanediol inhibits formation of CRY2–YFP photobodies in protoplasts. Scale bar, 2 μm. h, PPK1-dependent phosphorylation 
is not required for CRY2 photobody formation in HEK293T cells. Scale bar, 5 μm. Two independent experiments showed similar results. i, Circularity of 
CRY2–YFP photobodies from the assay presented in (h). D267N, PPK1D267N mutant (mean ± s.d.; n = 190; P value, two-tailed Student’s t-test). j, FRAP of 
CRY2–YFP photobodies in HEK293T cells. The double exponential fit (dark line) of averaged recovery curves is shown (mean ± s.d.; n = 5 independent 
FRAP experiments). k, Diagrams showing fragments in the PHR and CCE domain of CRY2. The disorder tendency of CRY2 is predicted by VL3 (blue) 
or VSL2B (grey) algorithms. l, The PHR domain mediates photobody condensation of CRY2. Fluorescence images of CRY2 and CRY2 fragments in 
HEK293T cells (scale bar, 5 μm) or nuclear localized CRY2 fragments in Arabidopsis protoplasts (scale bar, 2 μm) are shown. The dashed white circle 
outlines the nucleus in the cell. Five independent experiments showed similar results. m,n, FRAP assays performed in HEK293T cells (m) or Arabidopsis 
protoplasts (n). Double exponential fits (solid lines) of averaged recovery curves are shown (mean ± s.d.; n = 5 independent FRAP experiments).  
DIC, differential interference contrast.
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luciferase reporter lines in a partially rescued mta mutant back-
ground (ABI3::MTA/mta, Extended Data Fig. 10) known to be 
markedly impaired in the m6A epitranscriptome11,38. As reported 
previously, young seedlings of this mta mutant line exhibit no 
obvious phenotypic abnormality (Fig. 4a), but adult mutant plants 
are semi-dwarf with shorter and bushy bolts (Extended Data  
Fig. 10b)11,38. As expected, m6A deposition of the CCA1 mRNA exhib-
ited a marked reduction in both cry1cry2 and mta seedlings grown in 
blue light (Fig. 4b). Importantly, the mta mutant has a significantly 
(P < 1.7 × 10−5) lengthened circadian period under free-running 

conditions illuminated by continuous white light (90 µmol m−2 s−1),  
resembling the long-period phenotype of the cry1cry2 mutant  
(Fig. 4c)36,37. This demonstrates that MTA and CRYs are both required 
to suppress period lengthening of the circadian clock in light. We 
next compared how blue-light intensity affects the long-period 
phenotype of the two mutants. In this experiment, seedlings grown 
under a 12 h white light/12 h dark photoperiod were transferred to 
continuous blue light of various intensities (up to 40 µmol m−2 s−1)  
to measure the circadian rhythm of the pCCA1::LUC reporter 
(Fig. 4d,e). In contrast to cry1cry2, which shows strong period 
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lengthening in both white and blue light, the mta mutant exhib-
its a relatively stronger long-period phenotype in white light 
than in blue light (Fig. 4c,d). This seemingly perplexing observa-
tion can be explained by the complex redundant and antagonistic 
functions of phytochromes and CRYs under different light condi-
tions4,36,37,39. Importantly, the cry1cry2 mutant (P < 0.0001), but not 
the mta mutant (P = 0.21), exhibits a significantly flattened slope 
of period-shortening in response to increasing blue-light intensity 
(Fig. 4d) and dramatically reduced robustness of rhythmicity in 
response to decreasing blue-light intensity (Fig. 4e). These results 
highlight the photoreceptor function of CRYs and dual function of 
CRYs regulating RNA methylation (Fig. 1) and transcription1,4 in 

the control of photo-entrainment. Consistent with the hypothesis 
that light-induced LLPS of CRY2 is a mechanism underlying light 
regulation of mRNA methylation, the abundance of m6A-modified  
CCA1 mRNA decreases significantly in seedlings treated with 
the LLPS inhibitor 1,6-hexanediol, or is impaired with PPK 
kinases required to maintain the CRY2 photobody in the liquid 
phase (Fig. 3h–j) or overexpressing BIC2, an inhibitor of CRY2 
photo-oligomerization and photobody formation18,26 (Extended 
Data Fig. 4h,i).

Given that m6A modification generally stabilizes mRNAs in 
Arabidopsis11, and that CRYs mediate blue-light regulation of m6A 
methylation of CCA1 mRNA (Figs. 1h and 4b), we analysed the 
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ZT, Zeitgeber time.
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mRNA stability of CCA1 in response to blue light in both cry1cry2 
and mta mutants. In WT seedlings, CCA1 mRNA exhibited a sig-
nificantly shortened half-life and faster decay in response to blue 
light (Fig. 4f), suggesting that blue light stimulates the degrada-
tion of CCA1 mRNA. Importantly, mutations of the CRY or MTA 
genes further shortened the half-life of CCA1 mRNA or acceler-
ated its degradation in light-grown cry1cry2 and mta mutant seed-
lings (Fig. 4f). In comparison with WT seedlings, the stability of 
CCA1 mRNA is not significantly changed in dark-grown cry1cry2 
or mta mutants, but is dramatically decreased in light-grown cry-
1cry2 or mta mutant seedlings with the half-life being reduced by 
several orders of magnitude in both mutants (Fig. 4f). These results 
are consistent with the hypothesis that blue-light regulation of the 
CRY2/MTA complex alters m6A mRNA methylation, mRNA sta-
bility and photo-entrainment of the circadian clock in Arabidopsis.

Discussion
This study demonstrates that plant CRYs mediate light regulation of 
mRNA methylation to affect photoresponsive gene expression. We 
also show that light induces the liquid-phase condensation of CRY2 
and co-condensation of the CRY2/writer complex without altering 
the apparent affinity or nuclear stoichiometry of the interacting pro-
teins. This phenomenon represents the photoresponsive signalling 
mechanism of a photoreceptor that is different from conventional 
mechanisms entailing changes in affinity between photoreceptors 
and their partner proteins4,40,41. Liquid-phase photoreceptor con-
densation resulting from multivalent interactions may alter protein 
conformation without changing the apparent affinity of the photo-
receptors and signalling proteins. Light-induced co-condensation 
of the CRY2/writer complex in the CRY2 photobody may increase 
the local concentration and overall catalytic activity of the m6A 
writer complex at the subnuclear foci of CRY2 photobodies, with or 
without changing the specific activity of the writer enzymes. CRY2 
and CRY2/MTA complex molecules are highly mobile in and out 
of the CRY2 photobody (Figs. 2l and 3c), but the exact nature of 
such molecular mobility remains unclear. Interestingly, we found 
that the mobility of the CRY2 photobody is ~50% that of the ran-
dom Brownian movement of particles but comparable with that of 
transcription factors (Supplementary Video 4 and Extended Data 
Fig. 5d,e). Given the co-transcriptional nature of the m6A RNA 
methylation process catalysed by METTL3/14-type m6A writers in 
various model systems13–15, physical interaction of CRYs with vari-
ous transcription factors4 and the physical interaction of MTA and 
RNA polymerase II42, it is conceivable that CRY2 and m6A writer 
molecules co-condensed in the CRY2 photobody may be physically 
associated with chromatin meshes and transcriptional apparatus. 
Whether and how CRY2-mediated light regulation of transcription 
and RNA methylation may be associated spatially and mechanisti-
cally remains to be investigated.

Regulation of transcription and protein degradation are the two 
well-known mechanisms underlying photoreceptor-mediated light 
control of the circadian clock and other photoresponses in plant 
development. Results of our study argue for a different mechanistic 
explanation for the CRY-mediated light regulation of gene expres-
sion and the circadian clock (Fig. 4g). According to this model, 
photo-excited CRY2 undergoes LLPS to recruit and concentrate 
m6A writer into the CRY2 photobody. The photo-condensed CRY2/
writer complex facilitates m6A methylation of mRNA encoding 
CCA1 in response to blue light, thus suppressing degradation of the 
CCA1 mRNA and period lengthening of the circadian clock. This 
is consistent with the hypothesis that CRYs mediate light regula-
tion of period length and parametric entrainment of the circadian 
clock3,37,43. However, at least three major issues remain unclear. First, 
do other photoreceptors also regulate mRNA methylation? For 
example, phytochromes show complex wavelength dependency and 
functional interactions with CRYs in mediating photoresponses of 

the circadian clock in plants36,37. It would be interesting to exam-
ine possible roles of phytochromes and/or other photoreceptors 
in the light regulation of m6A mRNA methylation. Second, CRYs 
affect m6A methylation of mRNAs corresponding to at least ten 
COGs, but how CRY-dependent light regulation of RNA methyla-
tion affects various aspects of the metabolism of mRNAs encoding 
those COG genes is not clear. It is known that RNA methylation 
modulates mRNA splicing, nuclear exportation, degradation and 
translation13,15,19, and that light regulates mRNA splicing and trans-
lation44–48. Therefore, one would expect that light-regulated m6A 
mRNA methylation may modulate activity of the circadian clock 
by affecting aspects of mRNA metabolism in addition to mRNA 
degradation. Analyses of the relationship between photorespon-
sive m6A methylation and various aspects of mRNA metabolism of 
those COGs would further our understanding how light regulates 
the circadian clock in plants and other organisms. Finally, CRY is 
the only key regulator of the circadian clock currently known to be 
evolutionarily conserved in plants and metazoans, and it appears 
intriguing that the CRY/writer protein complex is found in both 
Arabidopsis and human cells (Fig. 2). Given the correlated changes 
in m6A RNA modification, circadian period and metabolism of 
mRNAs encoding components of the molecular oscillators in  
evolutionary lineages as remote as Arabidopsis (Fig. 4g) and mam-
mals8–10, it would be interesting to investigate how the CRY/writer 
complex is involved in regulation of the circadian clock in other 
plants and non-plant species.

Methods
This research complies with all relevant ethical regulations.

Plant materials and growth conditions. All WT, mutants and transgenic lines 
used in this study were Arabidopsis thaliana Columbia (Col) accessions. cry1cry2, 
CRY2–GFP/cry1cry2, ABI3::MTA/mta, pCCA1::LUC/Col-0 and pTOC1::LUC/
Col-0 have been described previously27,38,49,50. To prepare transgenic lines 
overexpressing Flag-MTA–mRFP or Flag-GFP–FIP37, a pACT2::Flag-MTA–mRFP 
or pACT2::Flag-GFP–FIP37 construct was introduced into the rdr6-11 allele 
which suppresses gene silencing51 or the Myc-CRY2 transgenic line26. To prepare 
transgenic lines with circadian clock reporter, pCCA1::LUC and pTOC1::LUC 
constructs were transformed into ABI3::MTA/mta or cry1cry2 backgrounds. All 
transgenic lines were generated using the standard floral-dip method52. Transgenic 
T1 populations were screened either on MS–agar media containing 25 mg l−1 
glufosinate (Cayman Chemical, catalogue no. 16675) or on compound soil watered 
with BASTA solution. A light-emitting diode was used to generate monochromatic 
blue light (peak 450 nm; half-bandwidth of 20 nm) and cool white fluorescent tubes 
were used for white light. The Arabidopsis seedlings used in these experiments 
were grown in either a growth chamber (Conviron, model no. E7/2) or growth 
room at 21 °C under different light regimes.

Protein expression constructs. All DNA constructs used in this study were 
prepared by In-Fusion Cloning which allows ligation-independent cloning of 
polymerase chain reaction (PCR) products into any vector.

To prepare pACT2::Flag-MTA–mRFP binary plasmid, DNA fragments of MTA, 
mRFP and XmaI/BamHI-digested pACT2::Flag-GFP vector (GFP coding sequence 
(CDS) was released) for the In-Fusion reaction were mixed using an In-Fusion 
HD cloning kit (TaKaRa, catalogue no. 639650). To prepare pACT2::Flag-GFP–
FIP37 binary plasmids, the CDS of FIP37 was cloned into BamHI-digested 
pACT2::Flag-GFP vector. To generate 35S::Flag-CRY2–YFP, 35S::Flag-CRY2D387A–
YFP, 35S::CRY2C490–YFP (CRY2C490 indicates 490–612 amino acids of CRY2 
protein), 35S::Flag-CRY2C510–YFP (CRY2C510 indicates amino acids 510–612 of 
CRY2 protein), 35S::Flag-MTA–YFP, 35S::Flag-MYB–YFP and 35S::Flag-FIP37–
YFP for transient expressions in protoplasts, the CDS regions of CRY2, CRY2D387A, 
CRY2C490 and CRY2C510 were PCR-amplified using different plasmids as the 
templates, and the CDS of MTA, MTB and FIP37 were PCR-amplified from 
Arabidopsis cDNA. The 3ʹ-ends of all above DNA fragments were overlapped 
with the 5ʹ-end of YFP CDS. Each DNA fragment with YFP CDS were assembled 
into XmaI/BamHI-digested 35S::Flag-GFP vector (GFP CDS was released) using 
the In-Fusion method. To prepare 35S::Flag-NLS-CRY2N489–YFP (CRY2N489 
indicates amino acids 1–489 of CRY2 protein) and 35S::Flag-NLS-CRY2N509–
YFP (CRY2N509 indicates amino acids 1–509 of CRY2 protein), the Nuclear 
Localization Signal (NLS) coding sequence was added to the 5ʹ-end of forward 
primers for cloning CRY2N489 or CRY2N509, the resulting PCR products and 
YFP CDS were assembled into XmaI/BamHI-digested 35S::Flag-GFP vector 
by In-Fusion. To prepare 35S::Flag-CRY2–DsRed and 35S::Flag-MTA–DsRed, 
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PCR-amplified CRY2 or MTA CDS mixed with DsRed CDS were inserted into 
XmaI/BamHI-digested 35S::Flag-GFP vector by In-Fusion. To generate plasmids 
for BiFC assay, the sequences encoding the N terminus (nYFP; amino acids 
1–157) and C terminus (cYFP; amino acids 158–239) of YFP were amplified by 
PCR, and mixed with CRY2, CRY2D387A, MTA, MTB or FIP37 CDS for in-fusion 
into XmaI/BamHI-digested 35S::Flag-GFP vector to produce 35S::CRY2–nYFP, 
35S::CRY2D387A-nYFP, 35S::MTA–cYFP, 35S::MTB–cYFP and 35S::FIP37–cYFP.

To generate mammalian cell expression plasmids pQCMV-Flag-CRY2, 
pQCMV-Flag-CRY2N489 and pQCMV-Flag-CRY2C490 for co-immunoprecipitation 
assays, PCR-amplified CRY2, CRY2N489 and CRY2C490 CDS were added by 
In-Fusion to SpeI/KpnI-digested pQCMV-Flag-GFP (GFP CDS was released). 
To prepare pCMV-Myc-MTA, pCMV-Myc-MTAN350 (MTAN350 indicates amino 
acids 1–350 of MTA protein), pCMV-Myc-MTAC351 (MTAC351 indicates amino 
acids 351–685 of MTA protein), pCMV-Myc-MTB and pCMV-Myc-FIP37, 
pCMV-Myc-METTL3 for co-immunoprecipitation assays, the CDS of MTA, 
MTAN350, MTAC351, MTB, FIP37 and human METTL3 were amplified by PCR 
and assembled into BamHI-digested pCMV-Myc vector by In-Fusion. To create 
pQCMV-Flag-CRY2–YFP, pQCMV-Flag-CRY2N489–YFP, pQCMV-Flag-CRY2N509–
YFP, pQCMV-Flag-CRY2C490–YFP and pQCMV-Flag-CRY2C510–YFP for microscopy, 
the PCR products of CRY2, CRY2N489, CRY2N509, CRY2C490 or CRY2C510 CDS were 
mixed with YFP CDS for in-fusion into SpeI/KpnI-digested pQCMV-Flag-GFP 
vector. To prepare pQCMV-GFP–hCRY2 for teh co-immunoprecipitation assay, 
PCR-amplified human CRY2 (hCRY2) CDS was cloned into SpeI-digested 
pQCMV-EGFP vector by In-Fusion. All cloned sequences in plasmids were verified 
by Sanger sequencing.

Protein expression in HEK293T cells. HEK293T cells were maintained in DMEM 
supplemented with 10% (v/v) fetal bovine serum, 100 IU penicillin and 100 mg l−1 
streptomycin, in humidified 5% (v/v) CO2 air, at 37 °C (ref. 26). HEK293T cells 
were seeded in 10 cm plates at a density of ~2.4 × 106 cells/plate and transfected 
using a calcium phosphate precipitation protocol. For each transfection, plasmid 
DNA (10–15 μg) was mixed with 60 µl of 2.5 M CaCl2 and double-distilled H2O 
to a total volume of 600 µl, then 600 µl of 2× HeBS (250 mM NaCl, 10 mM KCl, 
1.5 mM Na2HPO4, 12 mM dextrose and 50 mM HEPES pH 7.5, with the pH of the 
final solution adjusted to 7.05) was added slowly to the mixture while vortexing. 
The media was aspirated from the culture plate and the transfection mixture added 
slowly to the plate without disturbing the cells. Six millilitres of media with 25 μM 
chloroquine was added to each plate. After incubation for 16–20 h, the culture 
media was replaced with fresh media without chloroquine. Cells were harvested 
36–48 h after transfection.

Protein expression in Arabidopsis mesophyll protoplasts. Protoplasts were 
isolated from well-expanded leaves of 3-week-old long-day-grown plants53. Leaves 
were incubated in the enzyme solution (20 mM MES pH 5.7, 1.2% w/v cellulase 
R10, 0.4% w/v macerozyme R10, 0.4 M mannitol, 20 mM KCl and 10 mM CaCl2) 
in the dark at room temperature for 2–4 h. Protoplasts in the solution were filtered 
through one layer of miracloth (Millipore Sigma, catalogue no. 475855-1R) and 
pelleted by centrifugation at 100g for 2 min at 4 °C. Protoplasts were resuspended 
and washed twice with ice-cold W5 buffer (2 mM MES pH 5.7, 154 mM NaCl, 
125 mM CaCl2, 5 mM KCl), then kept in W5 buffer on ice for 30 min. The 
mixture was centrifuged at 100 × g to remove the W5 buffer and the protoplasts 
resuspended in MMg buffer (4 mM MES pH 5.7, 0.4 M mannitol, 15 mM MgCl2) to 
a density of ~106 protoplasts ml−1. For each transformation, 30 μl of plasmids (~1 μg 
plasmids μl−1) was mixed with 200 μl of protoplasts and 230 μl pf polyethylene 
glycol (PEG) solution (40% w/v PEG4000, 0.2 M mannitol, 100 mM CaCl2), and 
incubated at room temperature for 15 min. After washing, transfected protoplasts 
were resuspended in 1 ml of W5 buffer and incubated in the dark at room 
temperature overnight before examination of protein expression.

Co-immunoprecipitation assays. For co-immunoprecipitation using transfected 
HEK293T cells, the cells were lysed in Brij buffer (1% Brij-35, 50 mM Tris–HCl 
pH 8.0, 150 mM NaCl, 1 mM PMSF and 1× protease inhibitor cocktail). After 
centrifugation at 13,000g for 10 min at 4 °C, the supernatant was either saved as the 
‘input’ or mixed with 20 μl of FLAG M2 beads (Sigma, catalogue no. F2426) and 
incubated at 4 °C for 2 h with gentle rotation. Beads were pelleted and washed five 
times with Brij buffer (without protease inhibitors). Proteins were eluted from beads 
using 25 μl of 3× Flag peptide solution (150 ng μl−1 in Brij buffer with 1 mM PMSF 
and 1× protease inhibitor cocktail). Both ‘input’ and eluted proteins were mixed with 
5× SDS sample buffer (250 mM Tris–HCl pH 6.8, 10% SDS, 0.5 M dithiothreitol, 
0.5% bromophenol blue and 50% glycerol) and denatured at 100 °C for 5 min.

For co-immunoprecipitation using Arabidopsis, plants were grown in long  
days for two weeks, and kept in the dark for 24 h before harvest. Rosette leaves 
from dark-adapted plants or plants illuminated with blue light (30 µmol m−2 s−1) 
were collected. The tissues were ground in liquid N2 and homogenized in an  
equal volume of immunoprecipitation buffer (IP buffer; 50 mM Tris–HCl pH 7.4,  
150 mM NaCl,1% Triton X-100, 1 mM PMSF, 2 mM NaF and 1× protease inhibitor 
cocktail). The tissue lysate was filtered through one layer of miracloth and 
centrifuged at 13,000g for 10 min at 4 °C. The supernatant was either saved as the 

‘input’ or mixed with 20 μl of FLAG M2 beads and incubated at 4 °C for 2 h with 
gentle rotation. Beads were pelleted and washed four times with IP buffer (without 
protease inhibitors). The proteins were eluted from the beads with 2× SDS sample 
buffer by heating at 100 °C for 5 min.

Protein samples were analysed by 10% SDS–PAGE and immunoblots. The 
primary antibodies used in this study are anti-CRY2 (1:3,000)39, anti-FLAG (1:3,000; 
Sigma, catalogue no. F3165) and anti-Myc (1:3,000; Millipore, catalogue no. 05-724).

Image acquisition and analysis. All microscopic images were taken by a Zeiss 
LSM 780 confocal microscope with a Plan-Apochromat ×63/1.40 oil DIC 
M27 objective controlled by ZEN software. For time-lapse imaging of CRY2 
photobodies, a chamber (1 × 1 cm2) was created on the slide using SecureSeal 
adhesive sheets (120 µm thick; Grace Bio-Labs, catalogue no. 620001). The slide 
was placed on the microscope and a 488 nm laser used to scan the sample for 
60 s to induce CRY2 photobodies. GFP signals were then detected at 493–598 nm 
using an excitation wavelength of 488 nm. To observe the inhibition of CRY2–
YFP photobody formation, protoplasts were incubated in W5 buffer with 
1,6-hexanediol (10%) for 5 min in the dark then illuminated with a 488 nm laser. 
To observe DsRed or YFP fusion proteins (including BiFC signals) in a time-series 
over the blue laser illumination, protoplasts or HEK293T cells in the slide chamber 
were rapidly screened under green fluorescence to locate cells positive for DsRed or 
YFP signals. YFP was then excited with a 514 nm laser and detected at 520–620 nm; 
DsRed was excited with a 561 nm laser and detected at 566–629 nm. Images were 
acquired in a time-series in which the first image was taken with the 488 nm laser 
off (T0) and the remainder were taken with the 488 nm laser on (1% laser power). 
Image analysis was performed using FIJI/ImageJ54.

Fluorescence recovery after photobleaching assay. In vivo FRAP assays of 
CRY2 photobodies or photobody-like structures were performed as described 
previously55. For FRAP of CRY2–GFP photobodies in transgenic plants, 3-day-old 
etiolated 35S::CRY2–GFP/cry1cry2 seedlings were exposed to blue light from a 
488 nm laser (1% laser power) for 1 min before photobleaching. For FRAP of 
CRY2–YFP photobodies in protoplasts, the dark-incubated protoplasts were 
illuminated by blue light from a 488 nm laser (1% laser power) for 30 s, a single 
photobody of CRY2–YFP or CRY2/MTA BiFC complex was then used for each 
FRAP assay. The selected CRY2 photobody was photobleached using a 488 nm 
laser (100 iterations; 90% of laser power) for CRY2–GFP or a 514 nm laser (100 
iterations; 90% of laser power) for CRY2–YFP or CRY2/MTA BiFC. Time-lapse 
images of fluorescence recovery were taken every 1 s for at least 1 min. The 
fluorescence intensities of both photobleached and other regions in the images 
were measured with FIJI/ImageJ to meet the requirement for further analysis 
using easyFRAP software56. Full-scale normalization was performed with each 
fluorescence recovery curve. The normalized data were then fitted using a double 
exponential model: I(t) = I0 − αe−βt − γe−δt (where I0 is the summit or plateau of the 
curve; α, β, γ and δ are algorithm parameters defined by the EasyFRAP software for 
curve fitting56. The maximum value of fitting iterations was set to 1,000, while the 
starting values of the parameters were set at I0 = 0.85, α = 0.5, β = 0.563,  
γ = 0.316 and δ = 0.36. For the full-scale normalized curve with the maximum 
analytic time, the mobile fraction (mf) equals I0 (ref. 56). Mobility is defined as the 
rate of fluorescence recovery after photobleaching.

CRY2 photobodies tracking and analysis. To analyse the motion of CRY2 
photobodies in CRY2–GFP transgenic plants, seedlings were illuminated using a 
488 nm laser (1% laser power) for 1 min, then time-lapse images were taken every 
3 s for 10 min. To track CRY2 photobodies, each series of time-lapse images was 
first aligned using the Template Matching plugin57 in FIJI imageJ and then stacked. 
CRY2 photobody tracking and trajectory analysis of image stacks were performed 
using SpatTrack58. Briefly, images denoised through the boxcar filter were used 
to track photobodies. Then mean square displacement (MSD) of the generated 
trajectory was fitted to an anomalous diffusion model: MSD(t) = 4Dαtα (where t is 
the time, α is the anomalous exponent, which depends on the type of anomalous 
diffusion (0 < α < 1 for anomalous subdiffusion and 1 < α < 2 for anomalous 
superdiffusion) and D is the diffusion constant).

Other image quantification analyses. To measure the circularity and aspect ratio 
of CRY2 photobodies or photobody-like structures, images were first converted 
to 8-bit binary images then ‘Analyse particles’ was performed to obtain ‘shape 
descriptors’. Circularity is defined as 4π × (area/(square of perimeter)), and the 
aspect ratio is calculated as major axis/minor axis.

The partition coefficient is calculated as the ratio of the mean fluorescence 
intensity between the condensed and dispersed phases59. Specifically, the mean 
fluorescence intensity was quantified either inside the photobody (Iinside) or in 
the immediately adjacent region outside the photobody (Ioutside); the partition 
coefficient is then calculated by taking the ratio of Iinside to Ioutside.

In vivo bioluminescence assay. WT, cry1cry2 and ABI3::MTA/mta seedlings 
harbouring a pCCA1::LUC or pTOC1::LUC reporter were entrained in a 
photoperiod of 12 h white light (~90 µmol m−2 s−1) and 12 h dark at 21 °C for  
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6 days and transferred to a 96-well plate (a seedling/well) containing 200 μl of 
MS–agar media per well; 30 μl of 2.5 mM luciferin was then added to each well. 
The 96-well plate was kept under continuous white light (~90 µmol m−2 s−1). 
Bioluminescence was measured every 1 h over 5–7 days using a Centro LB960 
Microplate Luminometer (Berthold Technologies) with Microwin 2000  
software.

For fluence response curves, pCCA1::LUC/cry1cry2 or ABI3::MTA/mta lines 
were prepared by crossing cry1cry2 or ABI3::MTA/mta mutants with pCCA1::LUC/
WT. Seedlings of pCCA1::LUC reporter lines were entrained in a photoperiod of 
12 h white light (~90 µmol m−2 s−1) and 12 h dark at 21 °C for 6 days, before being 
released into continuous blue light with various fluence rates. On the first day in 
blue light, seedlings were transferred to a 96-well plate. The 96-well plates were 
loaded manually into a Modulus microplate reader (Promega) every 3 h for 6 days 
to measure the bioluminescence.

The circadian period analysis, bioluminescence normalization and rhythmicity 
test were performed using BioDare2 (https://www.biodare2.ed.ac.uk)60,61. 
Specifically, the period was estimated using the fast Fourier transform non-linear 
least squares method and the relative amplitude error was calculated to evaluate 
the robustness of oscillation of individual samples. Relative amplitude error values 
of 0 and 1 indicate perfect oscillation and arrhythmicity, respectively. Rhythmicity 
analysis was performed using the BD2 eJTK method60,62, through which the 
Kendall τ rank correlation coefficient (τ coefficient) between the data and a 
reference function (with different phases) was calculated. Perfectly correlated data 
scores have τ = 1 and uncorrelated data scores have τ = 0.

RNA stability analysis. WT, cry1cry2 and ABI3::MTA/mta seedlings were grown 
on MS–agar plates in the dark or in blue light (30 µmol m−2 s−1) for 6 days, then 
treated with cordycepin (transcription inhibitor) as described63,64. Briefly, seedlings 
were incubated in vacuum buffer (15 mM sucrose, 1 mM KCl, 1 mM PIPES pH 
6.25 and 1 mM sodium citrate) for 15 min before the vacuum buffer was replaced 
with fresh buffer containing 1 mM cordycepin (AdooQ Bioscience, catalogue no. 
NC1769697). Seedlings were vacuumed for 2 min and collected as T0 samples. The 
remaining seedlings were vacuumed again for 2 min, and collected at 7.5, 15, 30, 60 
and 120 min following the first vacuum release.

Total RNA was prepared using a Monarch Total RNA Miniprep Kit (NEB, 
catalogue no. T2010S). cDNA was synthesized from 1 μg of total RNA with 
oligo-dT primers using SuperScript IV First-Strand Synthesis System (Invitrogen, 
catalogue no. 18091050). Quantitative PCR (qPCR) was performed with SYBR 
Green qPCR SuperMix-UDG (Invitrogen, catalogue no. 11733-038) on a Mx3005P 
real-time PCR system (Stratagene). The qPCR results for the tested genes were 
first normalized to the internal control gene LTPG1 (AT1G27950, which is 
non-photoresponsive and lacks m6A deposition on RNA), then renormalized to T0 
for each time-series using the ∆∆Ct method65. The obtained mRNA decay curve 
was fitted with a one-phase exponential decay model using GraphPad Prism 8 to 
estimate the half-life (t1/2)66.

RNA-seq and data analysis. Total RNA isolated from WT and cry1cry2 seedlings 
grown in the dark or in blue light (30 µmol m−2 s−1) for 6 days was used to prepare 
RNA-seq libraries with TruSeq RNA library prep kit (Illumina). The libraries 
from three biological repeats for each sample were sequenced on the Illumina 
HiSeq 2500 sequencing systems in pair-end mode with 125 bp per read. After 
sequencing, the pair-end reads were aligned to the Arabidopsis TAIR10 genome 
using Tophat-2.0.11 with an anchor length longer than eight nucleotides for 
spliced alignments67. Only uniquely mapped reads were retained for subsequent 
analysis. The expression levels for gene models from TAIR10 were measured and 
normalized as fragments per kilobase of transcript per million mapped reads68,69.

m6A-seq (MeRIP-seq) and data analysis. WT and cry1cry2 seedlings grown in 
the dark or in blue light (30 µmol m−2 s−1) for 6 days were used for m6A-seq16. 
Total RNA was isolated using HiPure Universal RNA Maxi kit (Magen, catalogue 
no. R4132-02). Approximately 2 mg of RNA for each sample was dissolved in 
1.8 ml of RNase-free H2O. For each fragmentation reaction (60 μl), 54 μl of RNA 
was mixed with 6 μl of 10× fragmentation buffer (100 mM Tris–HCl pH 7.0 
and 100 mM ZnCl2), and incubated at 94 °C for 5 min. Then 6 μl of 0.5 M EDTA 
was immediately added to each reaction. For RNA precipitation, every eight 
fragmentation reactions (~480 μl) from the same sample were pooled and mixed 
with 48 μl of 3 M sodium acetate (pH 5.2), 12 μl of glycogen (5 mg ml−1) and 1.2 ml 
of 100% ethanol. The RNA at was incubated at −80 °C overnight then centrifuged 
at 13,000g for 30 min at 4 °C to give a pellet. The RNA pellet was washed with 1 ml 
of 75% ethanol, air-dried and dissolved in RNase-free H2O. Fifteen micrograms of 
fragmented RNA was saved as the ‘input’. For each immunoprecipitation reaction, 
~2 mg fragmented RNA was mixed with 10 μl of RNasin Plus (40 U μl−1; Promega, 
catalogue no. N2611), 20 μl of m6A-specific antibody (0.5 mg ml−1; Synaptic 
Systems, catalogue no. 202003) and 200 μl of 5× IP buffer (50 mM Tris–HCl pH 7.4,  
750 mM NaCl and 0.5% v/v Igepal CA-630), and RNase-free H2O was added to 
give a final volume of 1 ml. The immunoprecipitation reaction was incubated at 
4 °C for 2 h with gentle rotation. Meanwhile, 100 μl of protein A/G magnetic beads 
(Thermo Scientific, catalogue no. 88803) were washed twice with 1× IP buffer and 
the beads resuspended with 1 ml of 1× IP with bovine serum albumin (0.5 mg ml−1) 

and incubated at 4 °C for 2 h with rotation. The supernatant was removed from the 
beads which were then mixed with 1 ml of IP buffer and incubated at 4 °C for 2 h 
with rotation. Beads were then washed four times with 1× IP buffer and the RNA 
eluted with 100 μl of elution buffer (10 mM Tris–HCl pH 7.4, 150 mM NaCl, 0.1% 
Igepal CA0630, 2 μl of RNasin Plus and 6.7 mM m6A) at 4 °C for 1 h with vigorous 
shaking. The elution was repeated once and the two elutes combined (~ 200 μl 
in total). Then 20 μl of 3 M sodium acetate (pH 5.2) and 500 μl of 100% ethanol 
were added to the elutes and the mixtures kept at −80 °C overnight. The RNA was 
pelleted and washed once with 75% ethanol, air-dried and dissolved in RNase-free 
H2O. Between 100 and 200 ng of ‘input’ or ‘immunoprecipitation’ RNA was used 
for sequencing library preparations according to instructions given in the TruSeq 
RNA library prep kit (Illumina). The libraries from three biological repeats for each 
sample were sequenced on Illumina Novaseq6000 instruments in pair-end mode 
with 150 bp per reads.

After sequencing, the fastx_clipper script from FASTX-toolkit (http://
hannonlab.cshl.edu/fastx_toolkit) was used for adaptor sequence trimming 
of FASTQ files from input and immunoprecipitation samples using following 
parameters: -l 20 -d 0 -n -v -M 6. The above clean reads were then aligned to the 
Arabidopsis reference genome (TAIR10) using TopHat v.2.0.11 with the following 
parameters: -a 8 -m 0, which required the minimum anchor length; the maximum 
number of mismatches for junction reads was 8 and 0, respectively. The uniquely 
mapped reads for each peak from the immunoprecipitation and input samples were 
calculated. Differences between the immunoprecipitation and input samples were 
evaluated with sliding windows of 25 nucleotides to perform Fisher’s exact test 
and multiple testing using Benjamini–Hochberg70. Significant m6A regions were 
indicated if the false discovery rate was <0.01. The number of reads covering each 
base were calculated using SAMtools71 from the alignment results in BAM format. 
Normalized m6A signals for each significant m6A region (transcripts per million) 
were calculated using the following formula: number of reads covering m6A region 
× 106/total reads. In this study, we collected overlapping CCG from previously 
published circadian gene expression data sets72–75.

Statistics and reproducibility. Statistical analysis by a two-tailed t-test was 
performed using Microsoft Excel. Model fitting to curves was performed using 
GraphPad Prism v.8. No statistical method was used to predetermine sample 
size, which was estimated based on previous established protocols in the field. All 
experiments were repeated independently at least twice and showed similar results.

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

Data availability
All data supporting the findings of this study are available in the main text or the 
supplementary table. Biological materials used in this study are available from C.L. 
on reasonable request. The m6A-seq and RNA-seq data reported in this study have 
been deposited in the NCBI Gene Expression Omnibus under accession number 
GSE152466 which is fully available. The RNA-seq data for WT and cry1cry2 sample 
in the dark condition have been reported previously (GSE80350)26. Source data are 
provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | CRY-mediated photoresponsive epitranscriptomic changes in plants. a, The heatmaps showing relative m6A abundance for 
all genes (epitranscriptome, top) or clock-controlled genes (CCG, bottom) in wild type (WT) and cry1cry2 mutants grown in the dark (D) or blue light 
conditions (B). b, Genomic visualization of m6A density maps of core clock genes detected in m6A-seq. CRY1 and CRY2 detected only in WT but not 
cry1cry2 samples are shown as the negative control. c, Hierarchical clustering analysis of different m6A-seq samples indicates no unusual sample 
variances. d, m6A abundance of individual sites of selected genes was analyzed by m6A-IP-qPCR. The relative m6A level in each gene was calculated by 
normalizing the m6A-IP to input signals. Data are shown as Mean ± SD from 3 independent experiments. D, dark; B, blue light (30 μmol m-2 s-1).
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Extended Data Fig. 2 | Epitranscriptomes of selected GO group of genes. a–j, The scatter plots showing photoresponsive changes of m6A abundance and 
RNA abundance (left), and metagene profiles showing photoresponsive changes of m6A density (right) of mRNAs categorized as the TAIR10 GO groups.
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Extended Data Fig. 3 | CRYs interacts with subunits of m6A mRNA methyltransferase in human cells. a-c, co-IP assays showing interactions between 
CRY2 and MTA (a), MTB (b) and FIP37 (c) in HEK293T cells which were illuminated with blue light (BL; 100 μmol m-2 s-1) for indicated time (0-60 min). 
d, co-IP assay showing the interaction of CRY2D387A mutant and MTA in HEK293T cells with or without blue light irradiation. e, co-IP assay showing 
interactions between MTA and CRY1 in HEK293T cells. BL, blue light (100 μmol m-2 s-1). Three independent experiments are performed for a, two 
independent experiments for b-e, showing similar results.
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Extended Data Fig. 4 | Photoresponsive condensation of the CRY2-MTA complex in Arabidopsis. a, Time-lapse images showing the partial colocalization 
of MTA and CRY2 in CRY2 photobodies over the time of blue laser illumination in Arabidopsis protoplasts. Scale bar= 2 μm. Two independent experiments 
are performed showing similar results. b, Quantification of partition coefficient of CRY2-YFP and MTA-DsRed in the assay shown in (a). The data is 
presented as mean ± SD (n = 15 independent measurements from 5 nuclei). c, Fluorescence profiles of CRY2-YFP and MTA-DsRed over the white line 
shown in (a). The arrow heads indicate the locations of photobodies. d, Quantification of partition coefficient of CRY2D387A-YFP and MTA-DsRed in the 
assay shown in (a). The data is presented as mean ± SD (n = 15 independent measurements from 5 nuclei). e, Fluorescence profiles of CRY2D387A-YFP 
and MTA-DsRed over the white line shown in (a). f, FRAP of CRY2/MTA BiFC photobodies in protoplasts. White circle indicates the region for 
photobleaching. Quantification of FRAP is shown in Fig. 2m. Scale bar= 2 μm. g, Negative controls of BiFC assays. Plasmids expressing mRFP are used to 
monitor protoplasts transformation efficiency. The arrow in the cell indicates the location of nucleus. Scale bar = 5μm. Two independent experiments are 
performed showing similar results. h, m6A-IP-qPCR assay showing the relative abundance of m6A on the 3’UTR of CCA1 mRNA in etiolated wild-type 
seedlings treated with mock (H2O) or 1,6-hexanediol (10%) in response to blue light. The data is shown as Mean ± SD (n = 6 technical replicates from 
2 biological repeats). i, m6A-IP-qPCR assay showing the relative abundance of m6A on the 3’UTR of CCA1 mRNA in wild-type (WT) and indicated 
genotypes grown in the Dark or Blue light (30 µmol m-2 s-1). The data is shown as Mean ± SD (n = 6 technical replicates from 2 biological repeats).
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | LLPS of CRY2 in plant cells. a, FRAP of CRY2 photobodies in CRY2-GFP transgenic plants, the quantification of FRAP is shown in 
Fig. 3c. Scale bar = 2μm. b, Time-lapse images showing light-elicited formation of CRY2-YFP photobodies in protoplasts. Light-insensitive CRY2D387A-
YFP was used as the negative control. Quantification of partition coefficient for both CRY2-YFP and CRY2D387A-YFP fluorescence is shown in Fig. 3e. 
Scale bar = 2μm. c, FRAP of CRY2-YFP photobodies in Arabidopsis protoplasts. Protoplasts transfected with CRY2-YFP were illuminated with 488 nm laser 
for 30 s before FRAP. Time-lapse images before and after FRAP are shown on the left, white arrow heads point at the photobodies for photobleaching. 
Quantification of FRAP assay is shown on the right. Double exponential fit (the dark line) of normalized and averaged recovery curves is shown (n = 5 
independent experiments; Mean ± SD). Scale bar = 2μm. d, Representative motion trajectories of CRY2-GFP photobodies in the live or fixed plant nucleus. 
The time-lapse images were taken every 3 s for 10 min. The dashed lines in the images are the outlines of the nucleus. Scale bar= 5 μm. e, The ensemble-
averaged MSD (Mean Square Displacement) curves of tracked CRY2-GFP photobodies (as shown in d) in live or fixed samples. Shaded areas represent 
standard error (SE) of the mean (n = 4 and 3 independent cells for the live and fixed sample, respectively). Fitting of the MSD for live sample to the 
anomalous diffusion model yields the Diffusion constant (D), anomalous exponent (α; α < 1 indicates the subdiffusive motion of the particles) and the best 
fitted curve (black line) which are shown in the graph.
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Extended Data Fig. 6 | Wavelength specificity of LLPS of CRY2-DsRed in Arabidopsis protoplasts. a, Time-lapse images showing CRY2-DsRed 
distribution pattern in the nucleus under different wavelengths in protoplasts. Protoplasts transiently expressing CRY2-DsRed were kept in the dark 
and illuminated with different lasers during imaging. Scale bar=2 µm. b, Quantification of PC of CRY2-DsRed under different wavelengths (n = 16 
measurements for each time point from 3 nuclei; in each box, the center line denotes median value; boxes extend from the 25th to the 75th percentile 
of each group’s distribution of values; vertical extending lines denote the range from minima to maxima; the open circles denote the values ranging from 
minima to maxima).

Nature Plants | www.nature.com/natureplants

http://www.nature.com/natureplants


ArticlesNATuRE PLAnTS ArticlesNATuRE PLAnTS

6’’0’’ 18’’ 30’’ 48’’ 60’’

65’’ 75’’ 85’’ 95’’ 105’’ 115’’

125’’ 145’’ 180’’ 200’’ 240’’ 246’’

252’’ 258’’ 270’’ 279’’ 288’’ 300’’

Extended Data Fig. 7 | CRY2 photobodies are reversible in response to light-dark cycles in Arabidopsis protoplasts. Time-lapse images of CRY2-DsRed 
expressed in protoplasts. Blue triangle indicates that 488 nm laser was on during imaging. Quantification of this experiment is shown in Fig. 3d.  
Scale bar=2 µm.
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locus are marked on MTA gene structure. The positions of RP (right primer) or LP (left primer) of the MTA gene, and primer LBb1.3 in the left border of 
T-DNA insert are indicated. b, Representative image of WT, mta (short for ABI3::MTA/mta) and cry1cry2 plants grown in long day conditions for 50 days. 
c, Genomic PCR of the MTA locus in WT and ABI3::MTA/mta plants using genomic DNA as the templates. The sizes of the PCR products were 965 bp 
(amplified with LP + RP) or 444-744 bp (amplified with LBb1.3+RP). Four plants (#1-#4) were randomly selected from a ABI3::MTA/mta population for 
genotyping. M, DNA marker.
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