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Abstract 

To compensate for a sessile nature, plants have developed sophisticated mechanisms to 

sense varying environmental conditions. Phytochromes (phys) are light and temperature 

sensors that regulate downstream genes to render plants responsive to environmental stimuli1-

4. Here, we show that phyB directly triggers the formation of a repressive chromatin loop by 

physically interacting with VIN3-LIKE1/VERNALIZATION 5 (VIL1/VRN5), a component of the 

Polycomb Repressive Complex 2 (PRC2)5, 6, in a light-dependent manner. phyB and VIL1 

cooperatively contribute to the repression of growth-promoting genes through the enrichment 

of Histone H3 Lys 27 trimethylation (H3K27me3), a repressive histone modification. In addition, 

phyB and VIL1 mediate the formation of a chromatin loop to facilitate the repression of ATHB2. 

Our findings show that phyB directly utilizes chromatin remodeling to regulate the expression 

of target genes in a light-dependent manner. 
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Main 

In the early post-germination stage, dark to light transition reprograms growth strategy of 

plants to photomorphogenic growth which is defined by open, wide, and green cotyledons and 

short hypocotyls7, 8. As red/far-red light sensors, phytochromes promote vital developmental 

processes in plants2-4. Transcriptional regulation by phys is primarily mediated by inhibiting 

Phytochrome Interacting Factors (PIFs) which belong to the basic Helix-Loop-Helix (bHLH) 

transcription factor family9, 10. Light activated phys inhibit PIFs post-translationally, both by 

promoting their degradation and by repressing their DNA-binding ability through direct protein-

protein interactions10, 11. In the absence of light, PIFs redundantly elongate hypocotyls by 

positively regulating expression of growth-promoting genes. However, it has been reported 

that phyB also directly controls the expression of temperature responsive growth-promoting 

genes2, implying that phyB may also be associated with other transcriptional regulators at 

target loci.  

VIL1 is one of the VERNALIZATION INSENSITIVE3 (VIN3) family proteins which 

contain a PHD finger motif12, 13, and is necessary for the vernalization-mediated repression of 

flowering repressors, FLOWERING LOCUS C (FLC) gene family through Polycomb group 

proteins (PcG)13. The association of PHD finger-containing proteins with PRC2 is an 

evolutionarily conserved mechanism of gene repression by PcG5. The VIN3 family proteins, 

including VIL1, also can be biochemically co-purified with PRC25, 6. PRC2 directly regulates a 

number of genes that are involved in various developmental processes in eukaryotes14, 15.  

PRC2 mediates trimethylation of H3K27 through its histone methyltransferase activity16 and 

the VIN3 family proteins are necessary to enhance the histone methyltransferase activity in 

vivo13. The H3K27me3 marks are associated with the down-regulation of nearby genes and 

heterochromatin formation17. In addition, PcG-mediated gene repression includes the 

formation of repressive chromatin loop at some target loci both in animals and plants that may 

provide a structural foundation for repressive chromatin18-21, although the molecular basis of 

the formation of PcG-mediated chromatin loop remains to be determined. 
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Interestingly, we observed that seedlings of the vil1 phyB double mutant (vil1-1 phyB-

9) have significantly elongated hypocotyls compared to the phyB-9 single mutant under short 

day (SD) conditions, regardless of growth temperatures (Fig. 1a, b). The vil1 single mutant 

(vil1-1) also displayed slightly but significantly longer hypocotyls than Col-0 (wild type, WT) 

under all temperature conditions, indicating that VIL1 and phyB additively inhibit hypocotyl 

elongation. We observed similar additive effects by VIL1 and phyB in the seedlings grown 

under long day (LD), continuous white light (WLc) and continuous red light (Rc) conditions, 

but not in the seedlings grown under continuous dark (Dc) and far-red light (FRc) conditions 

(Extended Data Fig. 1), indicating red light-dependent contribution by VIL1 to the phyB 

signaling. PIF4 is a major determinant of hypocotyl elongation under SD conditions22, 23. 

Therefore, we first examined the genetic relationship between PIF4 and VIL1 by creating the 

vil1-1 pif4-2 double mutant. The pif4 mutant (pif4-2) is epistatic to vil1 mutant under all tested 

conditions, indicating that VIL1 functions upstream of PIF4 (Extended Data Fig.2a, b). pif4-2 

is also epistatic to vil1-1 phyB-9 as observed in the vil1-1 phyB-9 pif4-2 triple mutant, further 

confirming that PIF4 is necessary for hypocotyl elongation observed in vil1 and phyB mutants. 

Although VIL1 is known to control transcription as a PcG protein, VIL1 does not affect the level 

of PIF4 mRNA in all tested conditions (Extended Data Fig.2c, d). At both ZT0 (at the end of 

the night) and ZT6 (middle of the day), PIF4 expression patterns show no significant difference 

between vil1-1 and WT, and vil1-1 does not affect the level of PIF4 mRNA in the phyB mutant 

background (Extended Data Fig.2c, d). We also compared endogenous PIF4 protein levels 

between Col-0 and vil1-1. At ZT6, when PIF4 protein is most abundant24 in SD, the PIF4 

protein level is unchanged by vil1 (Extended Data Fig. 2e), indicating that VIL1 does not 

regulate the growth response through the level of PIF4 protein.  

PIF4 is a main transcriptional activator of several growth-promoting genes and the 

active form of phyB inhibits the expression of the same growth-promoting genes both by 

transcriptional and post-translational regulations2. Interestingly, a growth-promoting PIF4 

target gene, ATHB2, which is up-regulated in phyB-9 mutants and a direct target of phyB2, is 
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also slightly up-regulated in vil1-1 mutants. We were able to detect a similar increase of ATHB2 

expression in vil1 at all tested conditions (Fig. 1c). Furthermore, its expression was further 

increased in vil1-1 phyB-9 compared to either of the single mutants, suggesting a synergistic 

transcriptional repression by phyB and VIL1, regardless of growth temperatures (Fig. 1c). 

Differences observed in the levels of ATHB2 expression correlate with the degree of hypocotyl 

elongation (Fig. 1b, c). The ATHB2 expression peaked at ZT0 (Fig. 1c) when PIF4 activity is 

at the highest and then rapidly declined during the daytime22 (Extended Data Fig. 3a). In 

addition, we found that other phyB target genes, HFR1 and PIL1, also displayed expression 

patterns similar to ATHB2 in the vil1-1 and vil1-1 phyB-9 mutants (Fig. 1d, e, Extended Data 

Fig. 3b, c). These genes have been reported as marker genes for hypocotyl elongation, and 

PIF4 promotes their expressions25, 26 (Extended Data Fig. 4). Therefore, VIL1 and phyB 

synergistically repress this group of phyB target genes during the daytime. In contrast, the 

expression of growth-promoting, hormone-signaling genes such as YUC8 and IAA29, which 

have been reported as night-time responsive genes, showed dependence on phyB2, 27, but not 

on VIL1 (Extended Data Fig. 5), even though they are also direct target loci of PIF4 and PIF4 

promotes their expression2. Taken together, our results indicate that VIL1 and phyB 

synergistically inhibit the growth response by regulating a subset of the growth-promoting 

genes, independent of PIF4. 

Our genetic analyses suggest that VIL1 acts together with phyB to repress a subset 

of PIF4 target genes (Fig. 1, Extended Data Fig.3). Therefore, we tested whether phyB 

employs VIL1-PRC2 to trigger chromatin remodeling at the target gene loci. To determine 

direct physical interaction between VIL1 and phyB, we first employed the split luciferase 

complementation assay by transiently expressing both proteins into Nicotiana benthamiana. 

Each split luciferase protein was conjugated with phyB (phyB-nLuc) and VIL1 (VIL1-cLuc), 

which generated strong luciferase activity compared to the negative controls (Fig. 2a). To 

determine if this interaction resulted from direct protein-protein interaction between phyB and 

VIL1, we performed in vitro pull-down assays. Purified MBP-VIL1 protein was able to bind 
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purified and reconstituted phyB-GFP protein (Fig. 2b). We further confirmed their interactions 

in the seedlings of Arabidopsis expressing both phyB-GFP and VIL1-myc by using in vivo co-

immunoprecipitation assays (Fig. 2c). Interestingly, VIL1 proteins preferentially interact with 

the active Pfr form of phyB, both in vitro and in vivo (Fig. 2b, c). Since phyB inhibits PIF4 

through direct protein-protein interaction, we also evaluated whether VIL1 protein directly 

interacts with PIF4 protein. However, we did not observe significant interaction between VIL1 

and PIF4 proteins (Extended data Fig. 6). Therefore, our results support that light-activated 

phyB directly interacts with VIL1 to regulate the expression of growth-promoting genes.  

Chromatin immunoprecipitation followed by sequencing (ChIP-seq) analysis of phyB 

revealed that about 95 genes, including ATHB2, HFR1 and PIL1, are direct targets of phyB2. 

To examine whether VIL1 is enriched at the growth-promoting genes where phyB is also 

known to be located, such as ATHB2, we performed chromatin immunoprecipitation followed 

by quantitative PCR (ChIP-qPCR). The ATHB2 locus includes several G-box (CACGTG) 

sequences upstream of the gene body, and phyB and PIF4 binding peaks at around the same 

G-box region located in the 6kb upstream from the transcription start site (TSS)2, 28, which is 

designated as RE1 (Fig. 3a). Weaker peaks of phyB and PIF4 binding at other G-box regions, 

including RE2, are also observed at the ATHB2 locus compared to RE1 (Fig. 3a). We 

performed ChIP-qPCR using the VIL1 complementation transgenic lines (pVIL1:VIL1-

myc/vil1-1) (Extended Data Fig. 7a to d) and confirmed that VIL1 is highly enriched at the RE1 

and P2 (TSS) regions (Fig. 3b). Moreover, VIL1 is also enriched at RE2 and the middle region 

of the gene body. We further tested VIL1 enrichment at the HFR1, and PIL1 loci and confirmed 

that VIL1 is enriched at these loci as well (Extended Data Fig. 7e, f). In addition, we observed 

that VIL1 protein levels are diurnally regulated, displaying the highest level in the middle of 

day (around at ZT6), suggesting that light increases VIL1 expression (Extended Data Fig. 8a). 

Similarly, we also observed that VIL1 mRNA expression increases slightly during the day 

(Extended Data Fig. 8b). Immunoblot analysis showed that dark-incubated VIL1 protein is 

stabilized by light exposure and gradually accumulated depending on the incubation time 
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under light (Extended Data Fig. 8c), indicating that light indeed stabilizes VIL1 protein. 

Consistently, we observed that VIL1 enrichment at the ATHB2 locus were higher at ZT6 than 

at ZT0 (Fig. 3b). However, VIL1 enrichment at FLC locus was not increased at ZT6 (Extended 

Data Fig. 8e, f), implying the VIL1 enrichment at ATHB2 locus is not simply due to the 

increased level of VIL1 protein. Given the direct interaction between phyB and VIL1 (Fig. 2), 

we addressed whether phyB affects the VIL1 enrichment at ATHB2 locus. Although phyB does 

not affect the stability of VIL1 protein (Extended Data Fig. 8d), the VIL1 enrichment at ATHB2 

is significantly reduced at both RE1 and P2 (TSS) regions in the phyB-9 background 

(Extended Data Fig. 8g). Furthermore, the VIL1 enrichments at HFR1 and at PIL1 are also 

significantly reduced in the phyB-9 background (Extended Data Fig. 7f), indicating that phyB 

enhances VIL1 binding to the growth promoting genes during the day.   

 Given that VIL1 is a component of the PRC2 which mediates H3K27 trimethylation, 

we performed H3K27me3 ChIP-qPCR in the mutants both at ZT0 and ZT6 (Fig. 3c, d) and 

found that, regardless of the time points, H3K27me3 was enriched at around the RE regions 

where the phyB enrichments were observed at the ATHB2 locus2. The distribution of 

H3K27me3 enrichment on the ATHB2 locus is also consistent with our previous H3K27me3 

ChIP-seq results29 (Extended Data Fig. 9) and with previous ChIP-seq results of CURLY LEAF 

(CLF) and SWINGER (SWN) which are two major catalytic subunits of PRC230 (Extended 

Data Fig. 9). H3K27me3, CLF-GFP and SWN-GFP were enriched in the HFR1, and PIL1 loci 

as well (Extended Data Fig. 9). Interestingly, the H3K27me3 enrichments on ATHB2 were 

dependent on both VIL1 and phyB. Furthermore, the H3K27me3 levels are further reduced in 

vil1-1 phyB-9, indicating that both VIL1 and phyB cooperatively mediate the H3K27me3 

deposition at the ATHB2 locus (Fig. 3c, d). However, the level of H3K27me3 enrichment is not 

at all affected in pif4 mutant, indicating that the enrichment of H3K27me3 at the ATHB2 locus 

is independent of PIF4 (Fig. 3c, d), despite that transcription of ATHB2 is compromised in pif4 

mutant (Extended Data Fig. 4a). This indicates that PIF4 does not play a role in the H3K27me3 

enrichment at ATHB2 locus. Although the transcription of ATHB2 shows diurnal patterns of 
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expression, we did not observe diurnal variations in the level of H3K27me3 at the ATHB2 locus 

(Fig. 3c, d), suggesting that the level of H3K27me3 enrichment is rather stably maintained to 

create a repressive chromatin environment. Similarly, we also observed that the H3K27me3 

enrichment at HFR1 and PIL1 loci depends on both VIL1 and phyB (Extended Data Fig. 7g). 

Taken together, our results indicate that VIL1 and phyB are necessary for the H3K27me3 

deposition at the target loci by PRC2 in a PIF4-independent manner. 

It is interesting to note that the phyB binding sites are located quite far from the TSS 

of ATHB22. Previous studies have shown that some PRC2 target loci undergo PcG-dependent 

formation of short-distance repressive chromatin loop18-20. Intriguingly, we detected abundant 

formations of the chromatin loop between RE1 and P2 (TSS) of the ATHB2 locus (Fig. 4c - f). 

In addition, the loop depends on the presence of both phyB and VIL1 (Fig. 4c - f), indicating 

cooperative roles of phyB and VIL1 in mediating the formation of the chromatin loop (Fig. 4c - 

f). We observed >2-fold increase in the formation of the loop at ZT6 compared to ZT0 (Fig. 

4b). At ZT6, the level of ATHB2 mRNA is repressed which correlates with the highest level of 

VIL1 protein and more abundant active Pfr form of phyB (Extended Data Fig. 3a, Extended 

Data Fig. 8a), implying that the formation of the chromatin loop may be light-dependent 

through the phyB-VIL1 interaction. Therefore, we examined the formation of the chromatin 

loop at ATHB2 locus upon light exposure (Fig. 4g, h). We were able to observe the chromatin 

loop at ATHB2 locus within 4 hours of exposure to red-light (10.7 µmol m-2 s-1). In addition, this 

red-light induced chromatin loop was rapidly reduced by far-red light (2.4 µmol m-2 s-1) 

treatment within 1 hour, indicating the dynamic light-responsive nature of the chromatin loop 

formation (Fig. 4g, h). An Arabidopsis homolog of Su(z)12, VERNALIZATION 2 (VRN2), is a 

core component of PRC2 which copurifies with VIL15. Interestingly, vrn2 mutants behave 

similarly to vil1 mutants and also abolish the chromatin loop at ATHB2 (Extended Data Fig. 

10), further supporting that the PRC2 is required for the formation of chromatin loop. However, 

PIF4 is again dispensable for the formation of chromatin loop (Fig. 4c - f). Therefore, our 

results revealed that phyB and VIL1 provide an additional layer of regulation through the 
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formation of chromatin loop, which is independent of the phyB-PIF4 regulatory module 

(Extended Data Fig. 11). 

Chromatin remodeling by the phyB-VIL1 module ensures the repression of growth 

genes which are often activated by PIF4. The growth-promoting genes regulated by phyB and 

PIF4 are also regulated by other PIFs31, 32, as photomorphogenesis is redundantly regulated 

by multiple PIFs. phyB-9 pif4-2 mutants display longer hypocotyls than pif4-233, because the 

absence of phyB creates a favorable condition for other PIF proteins to function. Our 

observation that vil1-1 phyB-9 pif4-2 triple mutant displays a similar hypocotyl length to that of 

phyB-9 single mutant supports the notion that the phyB-VIL1 regulatory module inhibits the 

transcriptional activation of growth-promoting genes by other PIFs. (Extended Data Fig. 2a, 

b). Therefore, chromatin architectures created by the phyB-VIL1 module ensure the optimal 

repression of growth-promoting genes in the presence of light. 

Our study shows that light stabilizes VIL1 protein and light-activated phyB directly 

interacts with each other to mediate chromatin remodeling through both the deposition of 

H3K27me3 and the formation of chromatin loop. Therefore, VIL1 and phyB cooperatively 

mediate the light-dependent synergistic repression of growth-promoting genes. PRC2-

mediated gene repression by the H3K27me3 deposition is an evolutionarily conserved 

mechanism to control developmentally regulated genes in higher eukaryotes34-38. Our study 

demonstrates that light signaling also employs PRC2-mediated gene-repression system to 

fine-tune gene expression during photomorphogenesis. The direct link between an 

environmental sensor (phyB) and chromatin-modifying complex (VIL1-PRC2) shows an 

example in which a sensor directly modulates chromatin remodeling.  

Since the discovery of topologically associating domains (TADs) and chromatin loops, 

particular attention has been paid to how these three-dimensional (3D) genomic structures 

change during development and cellular differentiation when cells need to precisely and 

dynamically tune gene expression programs39, 40. In the Arabidopsis genome, chromatin loops 
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within short distance are more abundant than long-range loops, especially within H3K27me3-

enriched loci41. In this study, we show that an environmental sensor, phyB, mediates the 

formation of a chromatin loop in a cooperative manner with PRC2. The red light-dependent 

nature of the formation of chromatin loop demonstrates that dynamic changes in 3D chromatin 

structure play roles in fine-tuning developmentally regulated genes upon environmental stimuli. 

Direct elicitation of chromatin remodeling by environmental sensors, such as phys, may enable 

plants to rapidly respond to dynamically changing environments. Indeed, we observed that the 

formation of the chromatin loop occurs rather rapidly upon red-light exposure, creating a 

repressive chromatin architecture which compensates for another regulatory module (i.e., 

phyB-PIF4 regulatory module; Extended Data Fig. 11). These multiple layers of regulatory 

modules employed by phyB ensure optimal regulation of growth-promoting genes. 

Although we show that the enrichment of VIL1 at the ATHB2 loci is enhanced by phyB 

(Extended Data Fig. 8g), neither VIL1 nor phyB is a DNA binding protein and the phyB-VIL1 

module is PIF4-independent. A class of DNA-binding proteins, VIVIPAROUS1/ABI3-LIKE1 

(VAL1) and VAL2, bind to the RY motif42, and are required for the enrichment of PRC2 at target 

loci43. Interestingly, G-box elements where phyB and PIFs bind are often coupled with other 

elements targeted by their corresponding transcription factors44. Indeed, the RY motif is one 

of the G-box-coupled elements in the PIFs binding sites44. It remains to be determined whether 

VAL1/VAL2 transcription factors also play roles in light-dependent PRC2 activity.  

Our study shows an example in which molecular communication between the sensors 

and chromatin association factors occurs in plants, aiding the robust response to 

environmental variations. Given that the diverse roles of phys as light and temperature sensors, 

our findings are also particularly important in understanding how plants respond to climate 

change. 
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Fig. 1 | VIL1 and phyB synergistically inhibit hypocotyl elongation by regulating growth-

promoting genes. a, Hypocotyl length phenotype of seedlings of each genotypes grown for 

7 days at four different temperatures (12℃, 17℃, 22℃, and 27℃) in SD condition (8h light/16h 

dark; 8L/16D). b, Quantification of hypocotyl length, n = 25. The letters marked as same color 

above each box indicate statistical difference between the genotypes at each temperature 

determined by One-way ANOVA followed by Tukey HSD test for multiple comparisons (P < 

0.05). c to e, ATHB2 (c), HFR1 (d) and PIL1 (e) mRNA expression levels in Col-0, vil1-1, phyB-

9 and vil1-1phyB-9 seedlings grown for 7 days at four different temperatures in SD. Samples 

were collected at ZT0. The expression levels were normalized to that of PP2A, and further 

normalized by the transcript level of Col-0 at ZT0, at 12℃. Error bars: ± s.d. The letters marked 

as same color above each bar indicate statistical difference between the genotypes at each 

temperature determined by One-way ANOVA followed by Tukey HSD test for multiple 

comparisons (P < 0.05). 
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Fig. 2 | VIL1 preferentially interacts with the active form of phyB both in vivo and in vitro. 

a, Split luciferase complementation assay between VIL1 and phyB proteins in N. benthamiana. 

b, In vitro pull-down assay showing the direct interaction between MBP-VIL1 and phyB-GFP 

proteins. phyB-GFP was expressed in yeast cells while MBP, MBP-VIL1 and MBP-PIF3 

proteins were expressed in E. coli. phyB-GFP protein was pre-treated with red light (10.7 µmol 

m-2 s-1 for 4 mins to make Pfr, an active form of phyB) or far-red light (2.4 µmol m-2 s-1 for 18 

mins to make Pr, an inactive form of phyB), respectively. Proteins were pull-downed by 

amylose-resin bound MBP and detected by anti-GFP and anti-MBP antibodies. c, Co-

immunoprecipitation (Co-IP) assay demonstrating an in vivo interaction between VIL1 and 

phyB. Transgenic plants expressing p35S:phyB-GFP alone or with pVIL1:VIL1-myc or with 

p35S:PIF1-TAP were used. Dark grown seedlings were treated red-light (Pfr) or kept in the 

dark (Pr) before doing IP. VIL1-myc and PIF1-myc proteins were immunoprecipitated by anti-

myc antibody and co-immunoprecipitated phyB-GFP protein was detected by anti-GFP 

antibody. The asterisk indicates the VIL1-myc protein bands.   
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Fig. 3 | VIL1 and phyB cooperate to remodel the chromatin of ATHB2 locus to control 

its expression. a, ATHB2 locus, G-box elements, ChIP-qPCR amplicons. The red vertical 

bars indicate G-box regions. RE1, RE2, P1, P2, P3, and P4 indicate ChIP-qPCR amplicons. 

b, VIL1 targeting profile on the ATHB2 locus at both ZT0 and ZT6. The ChIP assay used anti-

myc antibody on seven days old seedlings grown at 22℃ in SD. The ChIP assay in Col-0 was 

used as a negative control. The immunoprecipitated DNA relative to input was further 

normalized to that of 5S rDNA. Error bars: ± s.d. Asterisks indicate statistical differences in 

student t-test (***, P < 0.0005). c and d, H3K27me3 levels in Col-0, vil1-1, phyB-9, vil1-1phyB-

9, and pif4-2 at both ZT0 (c) and ZT6 (d). This ChIP assay used anti-H3K27me3 antibody and 

anti-H3 antibody. The y axis indicates H3K27me3 enrichment relative to H3 enrichment. The 

values were further normalized to the enrichments of Col-0 at RE1, at ZT0. Error bars: ± s.d. 

The asterisks indicate statistical differences in student t-test (P < 0.05). 
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Fig. 4 | phyB and VIL1 cooperatively form a repressive chromatin loop to inhibit ATHB2 

expression. a, ATHB2 locus, G-box elements, ChIP-qPCR amplicons, DpnII enzyme sites 

and 3C-qPCR amplicons. The green and red vertical bars indicate DpnII enzyme and G-box 

regions respectively. RE1, RE2, P1, P2, P3, and P4 indicate ChIP-qPCR amplicons. F0 to F6, 

R0 to R6 and Anchor indicate 3C-qPCR amplicons. b, Fold changes between the values in 
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peaks at ZT0 and at ZT6 in 3C assay shown in panel c to f. F sets and R sets indicate Forward 

primer sets and Reverse primer sets respectively. c to f, Relative interaction frequency (RIF) 

in 3C assay between the Anchor primer and a series of F(forward) primers (c and e), or 

between the Anchor primer and a series of R(reverse) primers (d and f) in Col-0, vil1-1, phyB-

9, vil1-1phyB-9, and pif4-2 at both ZT0 (c and d) and ZT6 (e and f). g and h, Relative 

interaction frequency (RIF) in 3C assay between the Anchor primer and a series of F(forward) 

primers (g), or between the Anchor primer and a series of R(reverse) primers (h). Col-0 

seedlings were grown in the dark for 4 days and then transferred to red light (10.7 µmol m-2 s-

1) for 4 hours or kept in the dark for 4 hours. To check far-red light can reverse the loop 

formation, we further treated far-red light (2.4 µmol m-2 s-1) for 1 hour after red light treatment.   

The enrichment of each regions was normalized to that of PP2A. These values were further 

normalized to the enrichment of each regions in pATHB2:ATHB2-Flag plasmid DNA. Error 

bars: ± s.d. 
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Methods 

Plant materials and growth conditions 

All Arabidopsis thaliana plants used in this study were in Col-0 background and grown at 

continuous 12, 17, 22, or 27°C in a growth room with 8-h-light/16-h-dark short day (SD) cycle. 

For assays, seven days old seedlings were used after inducing the germination at 22°C for 24 

hours. The mutants of vil1-1 (SALK_136506), vil1-2 (SALK_140132), pif4-2 (Sail_1288_E07), 

vrn2 (SALK_201153) and phyB-9 were used in this study. Higher order mutants were 

generated by genetic crossing. To generate pVIL1:VIL1-myc/vil1-1 and pVIL1:VIL1-Flag/vil1-

1 transgenic line, the VIL1 genomic DNA was cloned into the pENTR_dTOPO vector and 

transferred to pGWB16 or pEarleyGate 302 vector by gateway cloning method and 

transformed to vil1-1 plants by Agrobacterium floral dip method. pVIL1:VIL1-myc/vil1-1phyB-

9 line was generated by genetic crossing. The transgenic plants expressing both p35S:phyB-

GFP45 and pVIL1:VIL1-myc used for the Co-IP assay were generated by genetic crossing. To 

generate pATHB2:ATHB2-Flag construct, the ATHB2 genomic DNA was cloned into the 

modified pPZP211 vector. 

RNA and protein analysis 

Total RNA was isolated from seven days old seedlings grown at the different temperatures by 

TRIzol method and incubated with DNase (Promega) for 30min at 37°C to remove residual 

genomic DNA before reverse transcription. 1 µg of total RNA was used for reverse transcription 

by M-MLV reverse transcriptase (Invitrogen). The transcript levels of target genes were 

determined by real-time PCR using specific primer sets (Supplementary Table 1) and 

normalized with that of PP2A. Two biological replicates were performed, with four technical 

replicates each. For protein analysis, seedlings were frozen in liquid nitrogen and 

homogenized. Total protein was extracted with urea-denaturing buffer (100 mM NaH2PO4, 10 

mM Tris-Cl, and 8 M urea, pH 8.0, 1mM PMSF, Protease inhibitor cocktails) and the debris 

was removed by centrifugation. The extracted proteins were further denatured by boiling at 
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100°C for 5 min with 1X SDS sample buffer. The protein levels were detected by immunoblot 

analysis using an anti-myc antibody (Santa Cruz, sc-40X), anti-PIF4 antibody (Agrisera, AS16 

3955), anti-tubulin antibody (Sigma-Aldrich, T5168), anti-RPT5 (Enzo Life Sciences, BML-

PW8770-0025). All experiments were performed at least three times independently. 

Split luciferase assay 

PHYB and VIL1 were cloned into pPZP211-nLuc and pPZP211-cLuc vectors, respectively 

(modified pPZP211 vectors; 35S promoter driven, n-terminal half of luciferase (nLuc) tag or c-

terminal half of luciferase (cLuc) tag). Each construct was then infiltrated into Nicotiana 

benthamiana leaf epidermal cells. Three days after the infiltration, the luciferase was activated 

by luciferin solution (0.1% triton X-100, 1mM luciferin) and the signal was detected under the 

NightOwl II LB 983 in vivo imaging system. All experiments were performed at least three 

times independently. 

In vitro pull-down assay 

MBP, MBP-VIL1, MBP-PIF3 and MBP-SPA1 were expressed in E.coli and purified using 

amylose-agarose beads, while phyB-GFP46 was expressed in yeast cells. Amylose-agarose 

bound MBP, MBP-VIL1 and MBP-PIF3 were used to pull-down equal amount of crude extracts 

of phyB-GFP protein. phyB-GFP protein was pre-treated with red (10.7 µmol m-2 s-1) or far-red 

(2.4 µmol m-2 s-1) lights to make Pfr or Pr forms, respectively. And amylose-agarose bound 

MBP, MBP-VIL1 and MBP-SPA1 were used to pull-down GST-PIF4 which was also expressed 

in E. coli. After the pull-down experiment, beads were re-suspended in 50 µL 1X SDS sample 

buffer. 47 µL of re-suspended protein in 1X SDS sample buffer was used to detect interacting 

phyB-GFP or GST-PIF4, while remaining 3µL was used to detect MBP, MBP-VIL1 and MBP-

PIF3 (or MBP-SPA1) input bait proteins. Pull-down samples were loaded onto a SDS-PAGE 

gel and detected by immunoblot analysis using anti-GFP antibody (Santa Cruz, sc-9996), anti-

GST antibody (GE healthcare, RPN1236) and anti-MBP antibody (NEB, E8032S). All 

experiments were performed at least three times independently. 
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In vivo co-immunoprecipitation assay 

Four-day old dark grown seedlings of transgenic Arabidopsis plants expressing phyB-GFP 

and VIL1-myc or phyB-GFP and TAP-PIF145 were first treated with proteasome inhibitor 

(Bortezomib) for 4 hours under complete darkness and then either kept in the dark or exposed 

to the red-light (10.7 µmol m-2 s-1). VIL1-myc and TAP-PIF1 were immunoprecipitated using 

anti-myc antibody. Following immunoprecipitation (IP), beads were re-suspended in 50 µL 1X 

SDS sample buffer. 47 µL of re-suspended protein in 1X SDS sample buffer was used to detect 

interacting phyB-GFP, while remaining 3 µL is used to detect immunoprecipitated VIL1-myc or 

PIF1-myc. Proteins were separated on a 8 % SDS-PAGE gel and detected by immunoblot 

analysis using anti-GFP antibody (Santa Cruz, sc-9996) and anti-myc antibody (Santa Cruz, 

sc-40X). All experiments were performed at least three times independently. 

Chromatin immunoprecipitation (ChIP) assay 

Seedlings were crosslinked in 1 % formaldehyde under vacuum for 20 min (10 min – break – 

10 min) and then quenched by adding glycine (final - 0.125 M) with vacuum for 5min. The 

seedlings were collected and finely ground in liquid nitrogen. The chromatin complexes were 

isolated and sonicated with a Bioruptor (30 sec on / 2 min 30 sec off cycles) with high-power 

output to obtain 200- to 500-bp DNA fragments. Protein-DNA complexes were 

immunoprecipitated using the antibodies [anti-myc antibody (Santa Cruz, sc-40X), anti-

H3K27me3 antibody (Millipore, 07-449), anti-H3 antibody (Abcam, ab1791)]. The cross-linking 

was then reversed and the enrichment of DNA fragments was determined by real-time PCR 

using specific primer sets (Supplementary Table 1). Two (for H3K27me3 enrichments) or 

Three biological replicates (for VIL1 enrichments) were performed, with four technical 

replicates each. 

Chromatin conformation capture (3C) assay 

Seedlings were cross-linked in 2 % formaldehyde for 30 minutes (10 min – break – 10 min – 

break - 10 min) and then quenched by adding glycine (final - 0.125 M) with vacuum for 5min. 
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The seedlings were collected and finely ground in liquid nitrogen. 3C assays were performed 

according to a previous paper18. The specific primer sets used in 3C-qPCR analysis were 

listed in Supplementary Table 1. Two biological replicates were performed, with two technical 

replicates each. 
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