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Abstract 

The pivotal interplay between light receptors and PHYTOCHROME INTERACTING FACTORs 

(PIFs) serves as an essential regulatory hub that perceives and integrates environmental cues 

into the plant’s transcriptional networks. A critical control component of environmentally-

responsive gene networks is the histone variant H2A.Z which provides transcriptional plasticity 

and prevents undesired gene activation. However, the functional relationship between PIF 

transcription factors and H2A.Z is only poorly understood. Here, we describe a genomic approach 

that utilizes the rapid and reversible light-mediated manipulation of PIF7 activity to visualize PIF7 

DNA binding and H2A.Z occupancy kinetics. Strikingly, PIFs shape the H2A.Z landscape in a light 

quality-dependent manner. In addition, we observed that PIFs initiate H2A.Z eviction through 

direct interaction with EIN6 ENHANCER (EEN), a subunit of INO80 chromatin remodeling 

complex. These studies uncover a previously unknown PIF-INO80 regulatory module controlling 

plant growth in response to rapid environmental changes. 

 

One-sentence summary: 

A PIF-INO80 module controls light quality-dependent H2A.Z dynamics. 
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Introduction 

The environmental cues light and temperature control all aspects of plant growth and are 

perceived by the phytochrome (phy) family of photoreceptors (1, 2). Phytochromes regulate 

growth by directly modulating the activity of the PIF transcription factors (TFs), which govern a 

massive environmentally-responsive transcriptional network (3). The evolutionary conserved 

histone variant H2A.Z has emerged as a key regulator of plant environment interactions (4-7) and 

has been postulated to function as temperature sensor in Arabidopsis (5). As a result of its eviction 

from gene bodies, H2A.Z chromatin dynamics enable rapid transcriptional responses to various 

environmental stimuli in Arabidopsis (6-8). While the current model suggests that H2A.Z 

occupancy modulates PIF4 binding, this supposition is solely based on the ambient temperature-

induced binding of PIF4 to the FLOWERING LOCUS T (FT) gene (4). 

 

Results 

Here, we utilized the light quality-dependent manipulation of PIF7 to visualize H2A.Z dynamics on 

a genome-wide scale. Simulated competing vegetation, a light condition where a reduced red (R) 

to far-red (FR) ratio (low R:FR) induces the shade avoidance response and therefore growth (9), 

was used as our environmental cue. We utilized this assay to assess the effects of low R:FR-

induced hypocotyl elongation in pif multiple mutant combinations (up to a pif1 pif3 pif4 pif5 pif7 

quintuple mutant (pif13457), as well as in phyB mutants (Fig. 1A, B). Our analysis confirmed that 

PIF7 was the major growth regulator followed by PIF4 and 5, while mutations in PIF1 and 3 had 

only marginal influence on hypocotyl elongation in low R:FR light (Fig. 1A, B). Overexpressed 

PIF7 is rapidly dephosphorylated after low R:FR light exposure and stimulates hypocotyl growth 

already in white light (WL) (10). To create a more switch-like response of low R:FR-induced PIF7 

activity, we introduced a MYC-tagged PIF7 genomic fragment into the pif457 triple mutant (pif457 

PIF7:PIF7:4xMYC) that fully complemented the hypocotyl elongation phenotypes of pif457 and 

phyB pif457 mutants (Fig. S1A, B). Immunoblot analyses revealed that PIF7 is phosphorylated 
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throughout a long day (LD) cycle in WL-grown seedlings and was most abundant at Zeitgeber 

time (ZT) 4. However, during the night PIF7 levels were relatively low and less phosphorylated 

(Fig. 1C, Fig. S1C). Upon exposure to low R:FR light, dephosphorylation of PIF7 was observed at 

all time points, and also in WL-exposed phyb pif457 PIF7:PIF7:4xMYC mutant lines (Fig. 1C, D, 

Fig. S1C). These results demonstrate the phyB-dependent control of PIF7 phosphorylation and 

activity (Fig. 1C, D, Fig. S1B).  

Next, we investigated the impact of low R:FR exposure on the genome-wide DNA binding of PIF7 

at ZT4 and revealed 1052 significant binding events using ChIP-seq (Table S1). As previously 

reported for other PIFs (11-14), PIF7 preferentially bound to G-boxes (CACGTG) of genes that 

are predominantly involved in auxin signaling (Fig. S1D, F). Interestingly, less than 20% of PIF7 

binding events occurred in proximal (1000 bp) promoter regions (Fig. S1E). In contrast, only very 

weak PIF7 DNA binding could be detected in WL conditions (Fig. 1E, F, Fig. S1G), supporting the 

idea that PIF7 dephosphorylation mediates DNA binding. Among the low-R:FR light-dependent 

genes targeted by PIF7 were the well-studied hypocotyl growth regulators ATHB2 (ARABIDOPSIS 

THALIANA HOMEOBOX PROTEIN 2) and HFR1 (LONG HYPOCOTYL IN FAR-RED) (15, 16) 

(Fig. 1F).  

Next, we examined the impact of low R:FR exposure on the H2A.Z landscape in WT seedlings in 

a LD time course experiment (ZT0 - ZT20). In line with previous studies (8, 17, 18), H2A.Z was 

specifically enriched in gene bodies of up to 20411 protein-coding genes (Fig. S2A, Table S2). 

The H2A.Z landscape was highly responsive to low R:FR treatment with up to 1196 genes at dusk 

(ZT16) showing a low R:FR-induced H2A.Z eviction (Fig. S2B, C, Table S3). Only minimal overlap 

(ZT0 vs ZT8: 30 genes; ZT0 vs ZT16: 31 genes; ZT8 vs ZT16: 60 genes) was found between 

genes that display a low R:FR-induced H2A.Z eviction at ZT0, ZT8 and ZT16 (Fig. S2B, C) 

indicating that the diurnal cycle and low R:FR exposure affect global H2A.Z occupancy as 

demonstrated by the H2A.Z cycling pattern observed for the flowering regulator CONSTANS-like 

5 (COL5) (19) (Fig. S2D, E).  
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To further explore the interplay between PIFs and H2A.Z occupancy, WT seedlings grown in 

constant light, were exposed to low R:FR light for up to 2 hours, which was then followed by an 

additional WL phase to capture H2A.Z recovery dynamics (Fig. S3A). Transcriptomes were 

profiled using RNA-seq and global H2A.Z occupancy was monitored via ChIP-seq. We found that 

low R:FR-activated gene expression was accompanied by H2A.Z eviction, whereas R:FR-induced 

gene repression did not coincide with H2A.Z incorporation (Fig. S3B, Table S4). This low R:FR-

induced H2A.Z eviction pattern is reversible and disappeared after 2 hours of WL recovery (Fig. 

S3C). Interestingly, the gene that displayed the most dynamic H2A.Z pattern was ATHB2 (Fig. 

S3D, Table S5), a homo-domain transcription factor that mediates growth responses in shade 

(15). After only 30 min of low R:FR exposure H2A.Z levels at ATHB2 were sharply depleted but 

rapidly recovered to normal levels during the WL recovery phase (Fig. S3D). A similar H2A.Z 

pattern was observed for a set of genes (top50, Table S5) with the strongest low R:FR-induced 

H2A.Z eviction (Fig. S3D). To test the role of PIFs in facilitating low R:FR-induced H2A.Z eviction, 

we profiled H2A.Z occupancy over time (15 min, 30 min, 2 hours) in pif457 triple mutants. 

Strikingly, low R:FR-induced H2A.Z eviction was strongly compromised in low R:FR light-exposed 

pif457 seedlings (Fig. 2A, Fig. S4A, Table S6) suggesting that PIFs regulate low R:FR-induced 

H2A.Z eviction. Specifically, exposure to low R:FR light for only 15 min was sufficient to trigger 

PIF-dependent H2A.Z eviction (Fig. 2A, Fig. S4A), suggesting that PIF7 DNA/G-box binding might 

occur even earlier. To test this possibility, PIF7 DNA binding was examined at even shorter low 

R:FR light exposure times (5, 10 and 30 min) and H2A.Z occupancy and mRNA expression were 

monitored in parallel. Immunoblot analyses revealed that only 5 min exposure to low R:FR light 

was sufficient to trigger PIF7 de-phosphorylation (Fig. 2B) which was correlated with a rapid 

increase in PIF7 DNA binding (Fig. 2C-D, Fig. S4B, C, Table S7). We next assessed H2A.Z 

occupancy on a set of 20 genes (PIF7 core genes) that show strongest PIF7 binding and activated 

expression (Table S8). This analysis revealed similar temporal kinetics of low R:FR-induced PIF7 

binding and gene body H2A.Z eviction at the PIF7 core gene set which also includes ATHB2 (Fig. 
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2D-F). The observation that H2A.Z eviction precedes changes in gene expression indicated that 

chromatin remodeling is not a consequence of transcriptional activation (Fig. 2E, F). Although our 

experimental resolution was not able to unravel temporal DNA binding of PIF7 from H2A.Z 

eviction, our observation of a compromised low R:FR-induced H2A.Z eviction in pif457 triple 

mutants (Fig. 2A, Fig. S4A) supports a scenario where low R:FR-induced PIF7 binding is a 

prerequisite for H2A.Z eviction and subsequent activation of gene expression. 

In humans, yeast and Arabidopsis, H2A.Z eviction is facilitated by the SWI/SNF-type ATP-

dependent chromatin remodeler INO80 (8, 20, 21). In addition, the histone chaperone ANP32E 

was also reported to mediate H2A.Z eviction in humans (22, 23). While anp32e mutants displayed 

no phenotype, ino80 mutants showed a significantly shorter hypocotyl after low R:FR exposure. 

Similar phenotypes were also observed in other INO80 complex subunit mutants including ARP5 

(arp5) and EEN (een), as well as in ino80 een double mutants (Fig. 3A). We then tested diverse 

INO80 subunits (e.g. ARP5, EEN, RVB2) in pull-downs and discovered EEN as a PIF interacting 

protein (Fig. S5A) which was confirmed by further in vitro and in vivo studies (Fig. 3B, C). 

Moreover, the een mutant partially suppressed the PIF-dependent long hypocotyl phenotype of 

phyB (Fig. 3D) and overexpression of EEN was able to complement the een mutant hypocotyl 

phenotype (Fig. S5B). Since EEN, the Arabidopsis homologue of yeast Ies6, is part of the 

Arabidopsis INO80 complex which is involved in regulating H2A.Z eviction (8), we tested H2A.Z 

dynamics in een and pif457 mutants at ZT4. Strikingly, the low R:FR-induced H2A.Z eviction was 

compromised in een and pif457 mutants (Fig. 3E, Table S9), indicating that cooperative activity of 

PIFs and the INO80 complex directly shapes the global H2A.Z landscape in response to changes 

in light quality (Fig. 3F). 

 

Discussion 

By exploiting the rapid low R:FR light-mediated activation of PIF7 activity, we simultaneously 

captured global changes in PIF7 binding and H2A.Z occupancy at high temporal resolution. We 
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provide strong evidence that although the low R:FR-induced DNA binding of PIF7 and H2A.Z 

eviction at PIF7 target genes showed similar kinetics, H2A.Z eviction requires PIF DNA binding. 

This is in contrast to the reported function of H2A.Z eviction at the FT locus in high ambient 

temperatures where it mediates PIF4 binding directly (4). Our finding of a PIF4-EEN interaction 

suggests that PIF4 can also remove H2A.Z through the INO80 complex. Thus, we speculate that 

the chromatin dynamics observed at the FT locus may represent a rather unique case. We utilized 

light quality changes to identify the PIF-INO80 regulatory module. Considering the functional 

diversity of PIFs, our findings are potentially translatable to other agronomically important 

responses and will pave the way for future investigations of plant-environment interactions which 

is critically needed in times of climate change. 
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Fig. 1. Low R:FR exposure induces dephosphorylation and subsequent genome-wide binding of PIF7. 

(A) Hypocotyl length measurements of WT and pif mutant seedlings grown in WL or in responses to low R:FR. Error bars for the 

hypocotyl length represent SD (n ≥ 16). Stars denote statistically significant differences between WL and low R:FR for the respective 

genotypes (Two-way ANOVA, Tukey’s multiple comparisons test, n.s. P > 0.05 * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001). (B) Hypocotyl 

length measurements of WT, phyB and phyB pif mutant combinations grown in WL. Error bars for the hypocotyl length represent SD 

(n ≥ 20). Stars denote statistically significant differences between WT and mutants (One-way ANOVA, Tukey’s multiple comparisons 

test, n.s. P > 0.05 * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001). (C) Immunoblot analysis of pif457 PIF7:PIF7:4xMYC in LD. 6-day-old seedlings 

continued to grow in WL or where exposed to low R:FR at ZT0. (D) Immunoblot analysis of 6-day-old WL-grown pif457 

PIF7:PIF7:4xMYC and phyB pif457 PIF7:PIF7:4xMYC seedlings. (E) Heatmap visualizes the low R:FR-induced DNA binding (log2 fold 

change) of PIF7 in pif457 PIF7:PIF7:4xMYC seedlings at ZT4. PIF7 DNA binding is shown for the top 500 binding sites that display 

the strongest low R:FR-induced PIF7 binding at ZT4. PIF7 occupancy is shown from 1 kb upstream to 1 kb downstream of the 500 

strongest PIF7 binding events. (F) AnnoJ genome browser screenshot visualizes PIF7 binding at the ATHB2 and HFR1 gene. All 

tracks were normalized to the respective sequencing depth. 
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Fig. 2. DNA binding of PIF7 initiates low R:FR-induced H2A.Z eviction at its target genes. 

(A) Aggregated profiles display low R:FR-induced H2A.Z eviction in WT and pif457 seedlings. Profiles visualize the log2 fold change 

between WL and low R:FR-exposed H2A.Z ChIP-seq samples at the indicated lengths of low R:FR exposures. Eviction of H2A.Z is 

visualized from 1 kb upstream to 2 kb downstream of the transcriptional start site (TSS) of 200 genes that show strong H2A.Z eviction 

in WT seedlings after two hours of low R:FR light exposure. (B) Immunoblot analysis of pif457 PIF7:PIF7:4xMYC grown in constant 

WL. 6-day-old seedlings were exposed to low R:FR for 5, 15 and 60 min and subsequently moved back to WL for additional 5, 15 and 

60 min. (C) Heatmap visualizes the low R:FR-induced DNA binding (log2 fold change) of PIF7 in pif457 PIF7:PIF7:4xMYC seedlings 

at the indicated time points. PIF7 binding is shown for the top 500 binding sites that display the strongest binding after 30 min of low 

R:FR exposure. PIF7 occupancy is shown from 1 kb upstream to 1 kb downstream of the 500 strongest PIF7 binding events. (D) AnnoJ 

genome browser screenshot visualizes PIF7 binding and H2A.Z occupancy at the ATHB2 gene over time. Genome-wide occupancy 

of PIF7 and H2A.Z was determined in the same pif457 PIF7:PIF7:4xMYC chromatin by ChIP-seq. All tracks were normalized to the 

respective sequencing depth. The area marked in red indicates the gene body region of ATHB2. (E) (F) Quantification of relative PIF7 

binding (red) and H2A.Z levels (blue) at ATHB2 (E) and the PIF7 core gene set (F) is shown. PIF7 binding in peak summit regions was 

calculated as the ratio between two PIF7 ChIP-seq replicates sample and the WT MYC control. Levels of PIF7 binding at 30 min of 

low R:FR exposure were set to 1 for each target gene. H2A.Z occupancy for gene body-localized H2A.Z domains that were identified 

with SICER was calculated as the ratio between H2A.Z ChIP-seq sample and the WT IgG control. H2A.Z levels of WL-exposed pif457 

PIF7:PIF7:4xMYC seedlings were set to 1. mRNA expression (green) is measured in TPM (Transcripts Per Kilobase Million) and is 

also derived from pif457 PIF7:PIF7:4xMYC seedlings. Expression values at 30 min of low R:FR exposure were set to 1 for each gene. 

The mean ± SEM represents PIF7 levels in the 5 binding peaks at ATHB2 (E), and levels of PIF7 binding at the 20 PIF7 core genes 

(F). It also represents levels of mRNA expression of the 20 PIF7 core genes (F).  
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Fig. 3. A PIF7-INO80 regulatory module facilitates low R:FR-induced H2A.Z eviction. 

(A) Hypocotyl length measurements of WT and mutant seedlings grown in WL or in responses to low R:FR. Error bars for the hypocotyl 

length represent SD (n ≥ 20). Stars denote statistically significant differences between WT and mutants grown in WL or WT and mutant 

grown in low R:FR, respectively (Two-way ANOVA, Tukey’s multiple comparisons test, n.s. P > 0.05 * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 

0.001). (B) Hypocotyl length measurements of WT, phyB, een and phyB een grown in WL. Error bars for the hypocotyl length represent 

SD (n ≥ 32). Stars denote statistically significant differences between phyB and the other genotypes (One-way ANOVA, Tukey’s 

multiple comparisons test, n.s. P > 0.05 * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001). (C) Pull-down assay using in vitro translated proteins. 

EEN was tagged with FLAG and PIFs with HA. FLAG:GFP served as a negative control. (D) Co-IP using 6-day-old seedlings 

overexpressing MYC-tagged PIF7 alone or in combination with GFP-tagged EEN. (E) Aggregated profiles display low R:FR-induced 

H2A.Z eviction in WT, een and pif457 seedlings at ZT4. Profiles visualize the log2 fold change between WL and low R:FR-exposed 

H2A.Z ChIP-seq samples. Eviction of H2A.Z is visualized from 1 kb upstream to 2 kb downstream of the TSS of 464 genes that show 

H2A.Z eviction (≥ 1.25) fold after low R:FR exposure in WT seedlings. (F) Model for the control of low R:FR-induced H2A.Z eviction 

through the PIF7-INO80 regulatory module. Upon exposure to low R:FR light, PIF7 gets dephosphorylated and subsequently binds to 

its target sites where it potentially interacts with the EEN subunit of the INO80 complex. Consequently, gene body-localized H2A.Z 

gets evicted and gene expression of PIF7 target genes will be initiated.  
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Fig. S1. Low R:FR light exposure induces global PIF7 DNA binding. 

(A) Hypocotyl length measurements of WT, pif457 and pif457 expressing PIF7:PIF7:4xMYC in white light or in responses to low R:FR. 

Error bars for the hypocotyl length represent SD (n ≥ 30). Stars denote statistically significant differences between WT and the other 

genotypes grown in WL or WT and the other genotypes grown in low R:FR, respectively (Two-way ANOVA, Tukey’s multiple 

comparisons test, n.s. P > 0.05 * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001). (B) Hypocotyl length measurements of WT, phyB, phyB pif457 

and phyB pif457 expressing PIF7:PIF7:4xMYC grown in WL. Error bars for the hypocotyl length represent SD (n ≥ 14). Stars denote 

statistically significant differences between phyB and the other genotypes (One-way ANOVA, Tukey’s multiple comparisons test, n.s. 

P > 0.05 * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001). (C) Immunoblot analysis of pif457 PIF7:PIF7:4xMYC in LD. 6-day-old seedlings 

continued to grow in WL or where exposed to low R:FR at ZT0. (D) The CACGTG motif was the top-ranked motif in PIF7 ChIP-seq 

derived from low R:FR-exposed pif457 PIF7:PIF7:4xMYC seedlings at ZT4. Motif discovery was done through MEME analysis using 

the 500 top-ranked peaks. (E) Gene ontology enrichment analysis revealed an enrichment for auxin signaling in the 500 top-ranked 

PIF7 targets. (F) The genomic distribution of PIF7 binding at ZT4 after low R:FR exposure is illustrated as pie chart. (G) Aggregated 

profile shows the low R:FR dependent difference between PIF7 binding at ZT4. PIF7 binding was determined in WL and low R:FR-

exposed pif457 PIF7:PIF7:4xMYC seedlings by ChIP-seq. PIF7 occupancy is shown from 1 kb upstream to 1 kb downstream of the 

500 strongest PIF7 binding events.  
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Fig. S2. Low R:FR light exposure and the diurnal cycle control genome-wide H2A.Z occupancy in a daytime-dependent 

manner. 

(A) Heatmap visualizes absolute H2A.Z of all Arabidopsis thaliana protein-coding genes (TAIR10) at the indicated time points and light 

treatments. H2A.Z occupancy was determined by ChIP-seq in WT seedlings and calculated as the log2 fold change between H2A.Z 

ChIP and IgG control sample. (B) Venn diagram shows overlap between genes that show low R:FR-induced H2A.Z eviction (≥ 1.3 

fold) at ZT0, ZT8 and ZT16. (C) Aggregated profiles visualize low R:FR-induced H2A.Z eviction at ZT0, ZT8 and ZT16 in WT seedlings. 

Eviction of H2A.Z is visualized from 1 kb upstream to 2 kb downstream of the TSS. (D) Quantification of H2A.Z levels at the gene body 

of COL5 is shown. Occupancy of H2A.Z was determined by ChIP-seq and calculated as the ratio between H2A.Z and IgG control. (E) 

AnnoJ genome browser screenshot visualizes the light quality-dependent H2A.Z occupancy at the COL5 gene at ZT0, ZT8 and ZT16. 

The WT IgG track serves as a control and all tracks were normalized to their sequencing depth. 
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Fig. S3. Low R:FR light-mediated manipulation of H2A.Z dynamics. 

(A) Schematic overview illustrates the experimental setup that was used to investigate chromatin dynamics in low R:FR light responses. 

(B) (C) Aggregated profiles visualize low R:FR-induced H2A.Z eviction and incorporation after two hours of low R:FR exposure (B) and 

after an additional two-hour-long WL recovery phase (C). Profiles are shown for genes that are differentially expressed after two hours 

of low R:FR exposure (blue for up-regulated genes and red for down-regulated genes). (D) Quantification of H2A.Z levels at the gene 

body of ATHB2 and the 50 genes (top50) that show the strongest H2A.Z eviction after two hours of low R:FR exposure. Occupancy of 

H2A.Z was determined by ChIP-seq and calculated as the ratio between H2A.Z and IgG. H2A.Z levels of WL-exposed seedlings were 

set to 1. 

  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 1, 2019. ; https://doi.org/10.1101/826842doi: bioRxiv preprint 

https://doi.org/10.1101/826842


 15 

 

Fig. S4. Low R:FR-induced PIF7 DNA binding is required for H2A.Z eviction. 

(A) Levels of H2A.Z at ATHB2 in WT and pif457 seedlings at the indicated time points are shown. Occupancy of H2A.Z was determined 

by ChIP-seq and calculated as the ratio between H2A.Z and IgG. (B) Aggregated profiles visualize the low R:FR-mediated activation 

of PIF7 after short low R:FR exposures (5, 10 and 30 min). PIF7 binding was determined in WL and low R:FR-exposed pif457 

PIF7:PIF7:4xMYC seedlings by ChIP-seq and was calculated as the ratio between H2A.Z ChIP-seq samples and IgG control sample. 

PIF7 occupancy is shown from 1 kb upstream to 1 kb downstream of the 500 strongest PIF7 binding events. (C) Bar plot illustrates 

increase of low R:FR-induced PIF7 DNA binding events. PIF7 binding events were determined through the direct comparison of the 

respective low R:FR-exposed and WL-exposed PIF7 ChIP-seq replicates.  
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Fig. S5. PIF-EEN interaction and een mutant complementation. 

(A) Pull-down assay with in vitro translated proteins. ARP4, ARP5, ARP6, EEN, INO80 insertion domain (INO80Insert) (24), and RVB2 

were tagged with FLAG and PIF4 with HA. FLAG:GFP served as negative control. (B) Hypocotyl length measurements of WT, een 

and three een UBQPIF7:PIF7:4xMYC lines. Error bars for the hypocotyl length represent SD (n ≥ 15). Stars denote statistically 

significant differences in comparison to WT. WL was compared to WL and low R:FR to low R:FR (Two-way ANOVA, Tukey’s multiple 

comparisons test, n.s. P > 0.05 * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001). 
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Materials and Methods 

Genetic material and plasmid cloning. 

All genetic material used in this study is in the Arabidopsis Columbia-0 (Col-0) background (WT). 

pif4-101 (25), pif5-2 (26), pif5-3 (26), pif7-1 (27), pif4-101 pif5-3 (25), pif4-2 pif7-1 (27), pif1-1 pif3-

3 pif4-2 pif5-3 (28), phyB-9 (29), phyB-9 pif4-101 (25), phyB-9 pif7-1 (27), arp5-1 (30), een-2 (8) 

and ino80-8 (8) were described previously. By crossing these lines following mutant combinations 

were generated for this study: pif5-3 pif7-1, pif4-2 pif5-3 pif7-1, pif1-1 pif3-3 pif4-2 pif5-3 pif7-1, 

phyB-9 pif5-2, phyB-9 pif4-101 pif5-2, phyB-9 pif4-101 pif7-1, phyB-9 pif5-2 pif7-1, phyB-9 pif4-

101 pif5-2 pif7-1 and ino80-8 een-2. The T-DNA insertion in AT3G50690 (homologue of human 

ANP32E) is located in the first exon (SALK_033316). 

For PIF7:PIF7:4xMYC, a 4064 bp genomic PIF7 fragment was amplified by PCR and integrated 

via Gateway cloning and pDONR221 (Thermo Fisher Scientific) into pGWB16 (31). For 

UBQ10:GFP:EEN, the coding sequence from EEN in pDONR221 was integrated into pGWB6 (31) 

and GFP:EEN was amplified by PCR. Additionally, UBQ10 promoter and RCBS terminator were 

amplified from UBQ10pro in pDONR-P4P1R (32) or pMX202 (33), respectively. Promoter, coding 

sequence and terminator were cloned into the SmaI site of pJHA212G (34) via Gibson Assembly 

cloning (NEB). Floral dip was performed for all Arabidopsis transformations (35). 

PIF7:PIF7:4xMYC was transformed into pif4-101 pif5-3 pif7-1 and homozygous T3 lines were 

crossed with phyB-9 pif4-101 pif5-2 pif7-1. UBQ10:GFP:EEN was transformed into een-2 and into 

pif7-2 35S:PIF7:9xMyc:6xHis:3xFlag (10). For in vitro transcription and translation, coding 

sequences were derived from Arabidopsis cDNA or from the AtORFeome2.0 clone collection and 

were Gateway cloned into pTnT FLAG:GW or pTnT HA:GW (36). Primer sequences can be found 

in Table S10. 

Growth conditions. 

Seedlings were grown on half-strength Linsmaier and Skoog media in LED chambers (Percival 

Scientific) at 21ºC in long day conditions (16 h day/8 h night) or constant light. For white light 
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conditions, white LED light was supplemented with red LED light, yielding a photosynthetically 

active radiation (PAR) of 110 μmol⋅m−2⋅s−1. For low R:FR conditions, far-red LEDs were used to 

decrease the R:FR ratio to 0.6, while fluence rates for all other wavelengths and therefore PAR 

were unchanged in comparison to white light conditions. 

Hypocotyl measurement. 

Seeds of experiments using arp5-1, een-2 and ino80-8 seeds were stratified for at least 5 days, 

otherwise, seeds were stratified for a minimum of 3 days. Afterwards, plates were exposed for 5 

hours to 30 μmol⋅m−2⋅s−1 red light, transferred to darkness for 19 hours to synchronize germination 

and grown in LD. 9 days after stratification agar plates were scanned and hypocotyls were 

measured using NIH ImageJ software. For low R:FR treatment, seedlings were moved from white 

light to low R:FR light conditions 5 days after stratification. 

Western blotting. 

Frozen 6-day-old seedlings were disrupted in a ball mill using glass beads. Ground tissue was 

boiled in 2X NuPAGE LDS Sample Buffer (including 1.8% β-Mercaptoethanol) for 5min and 

separated in NuPAGE 4-12% Bis-Tris Protein Gels (Thermo Fisher Scientific). Following 

antibodies were used for immunoblotting: Myc-Tag, 9B11 (2276, Cell Signaling Technology), Anti-

HA-Peroxidase, High Affinity clone 3F10 (11867423001, Roche), Anti-FLAG M2-Peroxidase 

(HRP) Clone M2 (A8592, MilliporeSigma), anti-GFP clones 7.1 & 13.1 (11814460001, Roche) and 

Goat Anti-Mouse IgG (H+L)-HRP Conjugate (1706516, Bio-Rad). 

Protein pull-down assay. 

According to manufacturer’s (Promega) instructions, TNT SP6 Coupled Wheat Germ Extract 

System was used to express HA fusions, while TNT SP6 Coupled Reticulocyte Lysate System 

served to express FLAG fusions. All further steps were performed at 4 °C. Reaction mixes were 

diluted with Paca buffer I (50 mM Tris pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM TCEP pH 7.5, 

1% (v/v) DMSO, 0.1% (v/v) IGEPAL CA-630, 0.04% (v/v) Tween-20) and FLAG-tagged protein 
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were incubated for 1 hr with Anti-FLAG M2 Affinity Gel (Sigma) while rotating. Beads were washed 

three times with Paca buffer I and HA-tagged proteins were added. After rotating for 30 min, beads 

were washed four times with Paca buffer I, boiled in 2X NuPAGE LDS Sample Buffer (including 

1.8% β-Mercaptoethanol) for 5min and separated in NuPAGE 4-12% Bis-Tris Protein Gels 

(Thermo Fisher Scientific). 

Protein Co-Immunoprecipitation. 

At ZT0, 6-day-old seedlings were exposed to low R:FR for 8 hours. Frozen material was disrupted 

in a ball mill using glass beads. Plant material was resuspended in Paca buffer II+ (50 mM Tris 

pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mM TCEP pH 7.5, 1% (v/v) DMSO, 0.4% (v/v) IGEPAL CA-

630, 1X cOmplete Protease Inhibitor Cocktail, Roche, 125 U/ml Benzonase, MilliporeSigma) and 

rotated for 30 min at 4 °C. Supernatant was cleared by centrifugation and incubated for 1 hr with 

ChromoTek GFP-Trap. Beads were washed six times with Paca buffer II- (excluding Benzonase), 

boiled in 2X NuPAGE LDS Sample Buffer (including 1.8% β-Mercaptoethanol) for 5 min and 

separated in NuPAGE 4-12% Bis-Tris Protein Gels (Thermo Fisher Scientific). 

ChIP-sequencing. 

With the exception of the experiment depicted in Fig. S2, seedlings were crosslinked 6 days after 

stratification. For the experiment shown in Fig. S2, 5 days after stratification, seedlings continued 

to grow in WL or were moved to low R:FR conditions. Samples were crosslinked 8 days after 

stratification. ChIP-seq experiments were performed as previously described (37) with minor 

modifications. ChIP-seq assays were conducted with antibodies against H2A.Z (39647, Active 

Motif) and MYC-tag Mouse (2276, Cell Signaling Technology). IgG (015-000-003, Jackson 

ImmunoResearch) served as the negative control. Dynabeads Protein G (Thermo Fisher 

Scientific) were coupled for 4–6 hours with respective antibodies and incubated overnight with 

equal amounts of sonicated chromatin. Beads were consecutively washed with high salt buffer (50 

mM Tris HCl pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5% Triton X-100), low salt (50 mM Tris HCl 

pH 7.4, 500 mM NaCl, 2 mM EDTA, 0.5% Triton X-100) and wash buffer (50 mM Tris HCl pH 7.4, 
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50 mM NaCl, 2 mM EDTA) before carrying out de-crosslinking at 65 ºC, Proteinase K treatment 

and DNA precipitation. Libraries were sequenced on Illumina HiSeq 2500 and HiSeq 4000 

Sequencing systems. Sequencing reads were aligned to TAIR10 genome assembly using Bowtie2 

(38). 

RNA-sequencing. 

Total RNA was extracted using RNeasy Plant Mini Kit (Qiagen). cDNA library preparation and 

single read sequencing was performed as described previously (39). Sequencing reads were 

aligned to TAIR10 genome assembly using STAR software (STAR_2.6.0 c) (40). 

Sequencing data analysis.  

H2A.Z occupancy was determined from ChIP-seq experiments with the SICER software (41) using 

the TAIR10 genome assembly and WT IgG samples as a control. Genes that were most proximal 

to H2A.Z enriched domains were identified with the Intersect tool from BEDtools (42). For the 

identification of PIF7 peak summit regions, we used the Genome wide Event finding and Motif 

discovery (GEM) tool (version 2.5) (43). WT chromatin treated with an anti-MYC antibody served 

as control for the total number of PIF7 ChIP-seq peaks. For the low-R:FR-specific identification of 

PIF7 peaks, we used chromatin from WL-exposed pif457 PIF7:PIF7:4xMYC seedlings as a 

control. We used the MEME-ChIP analysis tool (44) to identify preferred binding motifs within the 

top 500 summit regions of two merged PIF7 ChIP-seq experiments at ZT4 with low R:FR 

exposure. Biological ChIP-seq replicates were merged with SAMtools (45). DAVID was used to 

identify gene ontology (GO) enrichment in the PIF7 ChIP-seq data (46). For the analysis of 

genomic distributions within PIF7 ChIP-seq data the cis-regulatory element annotation system 

(CEAS) tool was used (47). Heatmaps and aggregated profiles of ChIP-seq data were carried out 

with Deeptools (48). To quantify occupancy of H2A.Z and PIF7 at ATHB2 and the PIF7 core gene 

set, we employed the bigWigAverageOverBed tool executable from the UCSC genome browser 

(49). For the identification of genes with a low R:FR-induced H2A.Z eviction, we employed SICER. 
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Transcripts in the RNA-seq data were quantified with the RSEM software package (version 1.3.0) 

and differentially induced genes were identified with the Cufflinks package (50). The AnnoJ 

genome browser was used to visualize all sequencing data (51).  

 

Supplementary Tables 

Table S1 List of significant PIF7 DNA binding events at ZT4 under low R:FR light exposure 

Table S2 List of genes with significant H2A.Z enrichment throughout a LD time course 

Table S3 List of genes that show low R:FR-induced H2A.Z eviction at ZT0, ZT8 and ZT16 

Table S4 List of differentially expressed genes after 2 hours of low R:FR light exposure 

Table S5 List of genes that show H2A.Z eviction after 2 hours of low R:FR light exposure 

Table S6 List of top 200 genes with impaired R:FR light-induced H2A.Z eviction in pif457 mutants 

Table S7 List of significant PIF7 DNA binding events after short low R:FR light exposure times 

Table S8 The PIF7 core gene set 

Table S9 List of genes that show low R:FR-induced H2A.Z eviction in WT seedlings at ZT4 

Table S10 List of primers used in this study 
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