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SUMMARY

Photomorphogenesis is a transitional response occurring when seedlings are exposed to light. Upon red- 

light exposure, this process depends on the nuclear translocation of phytochrome B (phyB) and its interac

tion with downstream components. Histone deacetylase complex 1 (HDC1) is a member of the histone de

acetylation complex (HDAC) that regulates the sensitivity of Arabidopsis seedlings to environmental cues. 

Here, we show that HDC1 is a positive regulator of hypocotyl elongation when plants are exposed to red light. 

By employing protein interaction assays and mutant combinations, we demonstrate that HDC1 interacts with 

PIF4 and regulates its abundance. Chromatin immunoprecipitation sequencing (ChIP-seq) reveals that HDC1 

modulates the expression of growth-promoting genes by deacetylating promoter regions and that HDC1 is 

required for PIF4 association over DNA targets. Altogether, our findings explore the connection between red- 

light signaling and chromatin states and assign another function to a member of the HDAC complex in plants.

INTRODUCTION

Light is one of the most important stimuli to fine-tune plant 

growth and developmental transitions. Light not only serves as 

an energy source for photosynthetic reactions but also triggers 

a series of signaling cascades occurring during adaptation to 

different environments. To sense light, plants have evolved 

separate photoreceptor families, each specialized in sensing a 

specific wavelength.1,2

Phytochromes (phyA–phyE) are red/far-red light receptors 

that are required for many aspects of plant development, 

including photomorphogenesis, also known as de-etiolation, 

which leads to shortening of hypocotyls and cotyledon opening. 

Phytochrome B is considered the main red-light receptor. Upon 

red-light stimulation, phyB activates a signaling cascade leading 

to the degradation of a group of helix-loop-helix transcription 

factors, known as PHYTOCHROME-INTERACTING FACTORS 

(PIFs), thereby triggering a transcriptional reprogramming that 

modulates photomorphogenesis.3–5 When exposed to light, 

phytochromes interact with PIFs to trigger their phosphorylation, 

followed by ubiquitination and subsequent degradation, which, 

in turn, promote light-dependent gene expression.6

Histone acetylation is one of the post-translational modifica

tions that causes heritable phenotypic changes by affecting 

chromatin accessibility without altering DNA sequence.7,8 His

tone (de)acetylation involves the addition or removal of acetyl 

groups to histones tails, which ultimately regulate transcriptional 

activation.9,10 This reversible process is regulated by two clas

ses of enzymes with antagonistic roles: histone acetyltrans

ferases and deacetylases (HDAC).

Recent studies revealed histone acetylation as a key regulator 

of light-responsive gene networks. More specifically, H3K9 (de) 

acetylation is associated with light-induced gene repression 

and activation, respectively.11–13 Additionally, histone deacety

lase 15 (HDA15) can directly interact with PIF1 and PIF3 in the 

dark to suppress gene expression and facilitate photomorpho

genesis.14,15 PhyB has been shown to redundantly control chro

matin remodeling to inhibit the transcriptional activation of 

growth-promoting genes by PIFs.16,17 Besides photomorpho

genesis, HDA15 has been shown to repress phyB-dependent 

seed germination in response to light through association with 

PIF1.14 PIF3 also interacts with HDA15, and together they 

repress light-induced chlorophyll biosynthesis.15 Finally, PIF7 

upregulates shade-induced gene expression by allowing the 

deposition of H3K9ac and H3K14ac at different promoters.18

Collectively, these studies indicate that light-induced responses 

are tightly regulated by chromatin states through histone 

modifications.

The genome-wide distribution of histone modifications was 

studied upon light-induced de-etiolation. Acetylation of H3K9 

of the HY5 (ELONGATED HYPOCOTYL5) and HYH (HY5- 

HOMOLOG) loci was observed during dark-to-light transition, 
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whereas acetylation of H3K27 was not monitored.11 The deposi

tion of histone marks such as H3K4me3, H3K9ac, H3K14ac and 

H3K27ac were correlated with phyA activation in the dark, while 

in light-grown seedlings, these marks were decreased.19 The 

SWI-INDEPENDENT LIKE-HISTONE DEACETYLASE 19 com

plex has been reported to act as a negative regulator of photo

morphogenesis via the HY5-dependent recruitment on light- 

signaling genes to repress their transcription.20,21

Histone deacetylase complex 1 (HDC1) is a component of the 

plant HDAC complex showing a partial homology to the yeast 

RPD3 large HDAC complex member RXT3. In Arabidopsis, 

HDC1 promotes histone deacetylation and acts as a transcrip

tional regulator. HDC1 mutations cause a range of phenotypes, 

including hypersensitivity to abiotic stress during germination, 

delayed flowering, and shortened petioles.22,23 Conversely, 

overexpressing HDC1 desensitizes plants to ABA and salt and 

increases plant biomass under control and water-limited condi

tions. At the protein level, HDC1 interacts with a range of targets, 

including HDA6 and HDA19, the co-repressor SAP18, and the 

histone binding proteins ING2, MSI1, and SHL1. Additionally, 

HDC1 can also interact with the Arabidopsis H1 variants H1.1 

and H1.2 and the stress-inducible H1.3 variant.24,25

In this study, we report that HDC1 is a positive regulator of hy

pocotyl elongation. We observed that the hdc1-1 mutant dis

plays significantly shorter hypocotyls specifically when exposed 

A C

B

Figure 1. HDC1 promotes hypocotyl elon

gation of Arabidopsis seedlings under red- 

light conditions 

(A) Hypocotyl measurements of Col-0, hdc1-1, 

and OX HDC1 under red light (1 μmol m− 2 s− 1). 

(B) Fluence response curve of Col-0, hdc1-1, 

and OX HDC1 under 0 (dark), 0.1, 1, 10, and 

50 μmol m− 2 s− 1 of red light. 

(C) Images of representative seedlings for the re

ported genotypes and light conditions. For each 

experiment, plants were grown for 5 days; phyB 

seedlings were used as positive controls for light 

conditions. Whisker plots display boxes with me

dian, interquartile range (IQR), and maximum- 

minimum interval of each dataset (n ≥ 15 seed

lings). The IQR was calculated based on the 

following formula: quartile3 (Q3) – quartile1 (QI). 

Whiskers represent QI – 1.5 × IQR and Q3 + 

1.5 × IQR. 

Asterisks in (A) show significant differences for 

p < 0.001. One-way ANOVA showed significant 

differences between Col-0, hdc1-1, OXHDC1, and 

phyB at 0.1, 1, 10, and 50 μmol m− 2 s− 1 of red light 

(p < 0.001).

to red-light conditions. Expression ana

lyses combined with chromatin immuno

precipitation (ChIP) revealed that HDC1 

controls PHYB expression levels. Protein 

interaction and genetic analyses further 

indicate that HDC1 can directly interact 

with PIF4 and regulate its protein abun

dance. By combining ChIP with next- 

generation sequencing, we show that 

HDC1 can deacetylate promoter regions of growth-related 

genes in a H3K9K14 context. We also show that PIF4 requires 

HDC1 to bind DNA-regulatory regions to fine-tune gene expres

sion. Thus, our findings reveal a mechanism for photomorpho

genesis based on the crosstalk between histone deacetylation 

complex and light components and define a distinct function 

for HDC1 in plants.

RESULTS

HDC1 positively regulates red-light-mediated hypocotyl 

elongation

Previously, we have reported that HDC1 is required for seed 

germination in response to salt and ABA by deacetylating genes 

related to stress response.22,24,25 Based on previous reports 

highlighting the role of HDACs in light signaling,19 we hypothe

sized that HDC1 could have a broader role in mediating environ

mental signals, including photomorphogenesis. We therefore 

conducted hypocotyl growth assays using hdc1 loss-of-function 

(hdc1-1) and HDC1 overexpressing lines (OX HDC1) seedlings 

exposed to four monochromatic light conditions (red, blue, far- 

red, and dark) (Figures 1 and S1A–S1E). Unlike hda19-2 mutants, 

where a response has been shown under different light quali

ties,20 hdc1-1 showed significantly shorter hypocotyls than the 

wild type exclusively under red-light conditions. Conversely, 
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OX HDC1 displayed longer hypocotyls under the same mono

chromatic light conditions (Figure 1). To further support our find

ings, we assessed hypocotyl elongation under different light flu

ences (0.1, 1, 10, and 50 μmol m− 2 s− 1) for each light conditions 

(red, blue, and far-red). Again, hdc1-1 and OX HDC1 were 

consistently shorter and longer than the wild type only under 

red light exposure, respectively (Figures 1A–1C and S1). We 

therefore concluded that HDC1 can regulate photomorphogen

esis primarily under red light, whereas its contribution under 

other light wavelengths is negligible (Figures S1B–S1E). Expo

sure to dark conditions also suggested that the hypocotyl elon

gation changes of hdc1-1 (or OX HDC1) are not due to germina

tion rate, supporting previous results displaying no defects under 

control conditions22 (Figures 1 and S1).

To further confirm the function of HDC1 during hypocotyl elon

gation, we studied HDC1 expression and distribution in seed

lings of Arabidopsis using pHDC1:GUS lines (Figures S2A– 

S2D). Microscope observations of 1-week-old seedlings re

vealed pHDC1-driven GUS expression in cotyledons 

(Figures S2A and S2B), hypocotyls (Figures S2A–S2C), and roots 

(Figures S2A–S2D). These findings confirm previously obtained 

results corroborating that HDC1 is ubiquitously expressed in 

Arabidopsis.22 The presence of GUS activity in hypocotyls 

further supports its putative role in hypocotyl growth. We also 

monitored HDC1 gene expression and protein levels in Col-0 

(wild-type [WT]) and GFP-tagged HDC1 seedlings, respectively, 

exposed to white light, red light, blue light, and darkness 

(Figure S2F). No major differences in HDC1 transcript accumula

tion were observed under white, red, or blue light or even dark

ness conditions. GFP:HDC1 protein appeared to be unaffected 

by light qualities except that it was less abundant when plants 

were exposed to blue light, although no blue-light-specific de

fects were detected in hdc1/OX HDC1 with respect to hypocotyl 

elongation (Figures S1B–S1E).

Our results indicate that HDC1 might negatively regulate red- 

light-mediated photomorphogenesis. To test the impact of 

HDC1 in red-light signal transduction, we generated double mu

tants of hdc1-1 and mutants in the red-light receptor phyB 

(phyB-9) and its overexpression line (OX phyB) (Figure 2). The 

hypocotyl length of hdc1-1 phyB resembled that of phyB, sug

gesting that phyB is epistatic to hdc1. OX phyB plants 

showed an extremely short hypocotyl phenotype, confirming 

their enhanced photomorphogenic response to red light 

(Figure 2A). Double mutants of OX phyB hdc1 exhibited no sig

nificant differences compared to OX phyB (one-way ANOVA, p = 

0.29) (Figure 2A). Based on the enhanced photomorphogenic 

phenotype observed in hdc1 plants, we then decided to assess 

whether HDC1 could affect endogenous PHYB levels. Total 

RNA was extracted from Col-0, hdc1-1, and OX HDC1 seed

lings that were dark adapted for 2 days and exposed to red light 

(10 μmol m− 2 s− 1) for 5 h RT-qPCR analysis showed that PHYB 

transcripts were significantly increased in hdc1 mutants 

compared to the other lines (Figure 2C, left). Similar results 

were obtained when we measured PHYB in OX phyB lines. 

Indeed, in the absence of HDC1, PHYB was increased even 

when under the control of a constitutive promoter, suggesting 

therefore a cumulative effect (Figure 2C, right). To evaluate 

whether higher PHYB expression is linked to its epigenetic 

state, we monitored H3K9K14 and H3K27 acetylation levels 

by ChIP assays coupled with qPCR. ChIP-qPCR results demon

strated an increase of acetylation in hdc1 compared to Col-0 in 

three different promoter regions of the PHYB locus (Figures 2D– 

2F), indicating a positive correlation between expression and 

acetylation state. We next decided to investigate whether 

hdc1 mutation might affect phyB nuclear bodies or protein 

abundance. First, we monitored nuclear bodies in 5-day-old 

seedlings exposed to red light. Confocal imaging showed no 

major differences in nuclear body formation between the two 

genotypes (Figure S3A). We then measured the number and 

size of nuclear bodies in OX phyB:CFP and OX phyB:CFP 

hdc1 lines and observed no significant changes (Figures S3B 

and S3C). Subsequently, the detection of phyB protein levels 

in Col-0, OX HDC1, and hdc1 showed similar levels of protein 

abundance and no significant changes (Figures S3D–S3F). 

The detection of phyB:CFP in both the WT and hdc1 back

ground revealed comparable results (Figures S3E–S3G). Taken 

together, our data indicate that HDC1 represses PHYB tran

scription by deacetylating its locus in response to red light, 

although protein levels were not affected. This highlights that 

phyB may be influenced by light-mediated changes in histone 

marks.

HDC1 interacts directly with PIF4 and stabilizes its 

protein abundance

Previous studies have demonstrated that phyB downstream 

components can recruit and interact with histone-modifying en

zymes to coactivate genes and enhance chromatin modifica

tions.26 The PIF family is composed of basic-helix-loop-helix 

(bHLH) transcription factors that are implicated in hypocotyl 

elongation and seedling growth.27 Among the PIFs, PIF4 and 

PIF5 are closely related to PIF3, as they present homology 

even outside of the bHLH domain.28 PIF3 binds to both phyA 

and phyB, providing a role in both red and far-red photomorpho

genesis.29 PIF4 and PIF5 interact selectively with the biologically 

active phyB Pfr form, thereby acting specifically in the phyB 

signaling pathway.30 In contrast, PIF1 is a key negative regulator 

of plant development, particularly in the dark.14,31 Instead, PIF7 

contributes primarily to hypocotyl elongation in response to 

shade avoidance and warm temperatures.32–35 To address 

HDC1 involvement in the PIF4/5-dependent photomorphogenic 

responses, we first generated double mutants of hdc1 pif4 and 

measured their hypocotyls under low-red-light conditions. As 

displayed in Figure 3A, compared to Col-0, pif4 showed shorter 

hypocotyls. Interestingly, hdc1 pif4 double mutants showed no 

significant difference in hypocotyl length when compared to 

pif4, suggesting that HDC1 may act through PIF4 (Figure 3A) 

(one-way ANOVA p = 0.46). Additionally, we obtained pif4 pif5 

double mutants and generated triple mutants with hdc1. Under 

red light, pif4 pif5 seedlings showed extremely short hypocotyls, 

mimicking constitutive phyB-mediated signaling (Figure 3B). 

Interestingly, hdc1 did not affect the pif4 pif5 hypocotyl pheno

type (one-way ANOVA p = 0.97), suggesting that HDC1, PIF4, 

and PIF5 may be involved in the same signaling pathway. Over

expressing HDC1 in the pif4 pif5 background did not rescue the 

short hypocotyl phenotype, as the seedlings displayed the same 

hypocotyl length as pif4 pif5 mutants, suggesting that HDC1 
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requires PIF4 and PIF5 for full function (Figure 3B) (one-way 

ANOVA p = 0.13). Conversely, we also assessed the potential ef

fect of HDC1 in controlling PIF4 function by comparing hypocotyl 

elongation under red light in PIF4-overexpressing 35S:PIF4:HA 

(PIF4-HA) and 35S:PIF4:HA hdc1 (PIF4-HA/hdc1-1) lines. As re

ported previously, under these conditions 35S:PIF4:HA plants 

showed longer hypocotyls compared with the WT.36 This pheno

type was significantly weakened in the hdc1 mutant background 

(Figure 3C), whereas no effect was recorded in the dark for all of 

the different mutant combinations evaluated (Figures 3D–3F).

To investigate whether HDC1 could directly affect PIF functions, 

we conducted bimolecular fluorescence complementation (BiFC) 

assays in Nicotiana Benthamiana epidermal leaves. We used the 

2-in-1 system,37 where the same vector contains HDC1 fused to 

the N terminus of yellow fluorescent protein (YFP), with the C ter

minus either fused to PIF4 or PIF5. RFP signal detection allowed 

A

D

E F

C

B

Figure 2. phyB is epistatic on HDC1, and the latter regulates its expression and acetylation levels 

(A and B) Hypocotyl measurements of Col-0, hdc1-1, OX HDC1, and the reported double mutant and OX line combination under red (A) and dark (B) light 

conditions. Images of representative seedlings are shown in Figure S9. For (A), plants were grown for 5 days under red-light conditions (1 μmol m− 2 s− 1). Whisker 

plots display boxes with median, IQR, and maximum-minimum interval of each dataset (n ≥ 15 seedlings). The IQR was calculated based on the following 

formula: Q3 –QI. Whiskers represent QI – 1.5 × IQR and Q3 + 1.5 × IQR. Statistical analysis was performed between each combination with its own genetic 

background (one-way ANOVA). 

(C) PHYB expression levels over ISU on 5-day-old Col-0, hdc1-1, and OX HDC1 (left) and Col-0, phyB, OX phyB, and OX phyB/hdc1-1 (right) seedlings grown 

under red light (10 μmol m− 2 s− 1). 

(D) Schematic of the phyB locus and position of the amplicons used for ChIP-PCR. 

(E and F) H3K9K14ac (E) and H3K27ac (F) levels on the depicted regions of the phyB locus as described in (D) in Col-0 and hdc1-1. 

Asterisks indicate differences based on one-way ANOVA for p value < 0.05. Bars are mean ± SD of three biological replicates, reported above the bars.
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for an internal control to identify transformed cells (Figure 4A), 

whereas BiFC of HDC1 and H1 was used as a positive interaction 

control.24 As reported in Figure 4B, a strong YFP signal was de

tected in the nucleus when HDC1 was co-infiltrated together 

with PIF4, suggesting interaction. Interestingly, no YFP signal 

was detected when HDC1 was co-expressed with PIF5, suggest

ing that the HDC1-PIF4 interaction is specific. We also assessed 

the interaction between PIF4 or PIF5 and the HDC1 RXT3 domain 

(RXT3L) which is partially required for HDC1 function (Figure 4B).24

Similar to HDC1 full length, RXT3L reconstituted a YFP signal with 

PIF4 but not PIF5, thus confirming HDC1-PIF4 binding and sug

gesting that the interaction might occur via the RXT3 domain. Addi

tionally, colocalization studies confirmed that both HDC1 and PIF4 

reside primarily in the nucleus when co-expressed (Figure S6A). 

We further examined the interaction between HDC1 and PIF4 

by co-immunoprecipitation (coIP) assay both in Arabidopsis 

(Figures 4C and 4D) and N. benthamiana (Figure S6B). In Arabidop

sis, 5-day-old Col-0, GFP-HDC1, and pif4 pif5 seedlings were dark 

adapted and exposed to red light for 5 h, (10 μmol m− 2 s− 1). 

Proteins were immunoprecipitated using an anti-GFP and an 

anti-PIF4 antibody for immunoblot analysis. GFP-HDC1 could 

co-immunoprecipitate PIF4 in the WT but not in the pif4 pif5 back

ground. Similarly, in N. benthamiana leaves exposed to the same 

light conditions, PIF4 fused to RFP was found in the GFP-HDC1 

immunoprecipitated fractions (Figure S6B).

Under red light, phyB can directly interact with and trigger 

PIF4 degradation.16,38 Based on the interaction data and the 

OX HDC1 long hypocotyl phenotype (Figure 1), we postulated 

that the HDC1-PIF4 interaction might prevent PIF4 degradation, 

while in the absence of HDC1, PIF4 levels could be more desta

bilized. To verify this hypothesis, western blotting was per

formed to assess PIF4 levels in Col-0, OX HDC1, and hdc1-1 

seedlings grown for 5 days, dark adapted, and then exposed 

to red light for 5 h (10 μmol m− 2 s− 1) or constantly kept in the 

dark. We detected a significant increase in PIF4 levels in OX 

HDC1 when compared to Col-0, while a reduction was 

observed in hdc1, further corroborating our hypothesis that 

HDC1 may regulate PIF4 protein levels (one-way ANOVA, p ≤

0.05) (Figures 4E and 4F). Under dark conditions, we did not 

observe any reduction in PIF4 levels in hdc1-1, suggesting 

that it is caused mainly by red light exposure (Figure S8A). Taken 

together, we demonstrated that HDC1 directly interacts with 

PIF4 and may be required to define its protein abundance during 

photomorphogenesis.

A

D E F

CB

Figure 3. HDC1 requires PIFs for function during hypocotyl elongation 

Hypocotyl measurements of Col-0, hdc1-1, pif4-2, pif4/pif5, PIF4:HA, and the reported double-mutant and OX line combination under red (A–C) and dark (D–F) 

light conditions. For (A)–(C), plants were grown for 5 days under red-light conditions (1 μmol m− 2 s− 1). Whisker plots display boxes with median, IQR, and 

maximum-minimum interval of each dataset (n ≥ 15 seedlings). The IQR was calculated based on the following formula: Q3 – quartile1 QI. Whiskers represent 

QI – 1.5 × IQR and Q3 + 1.5 × IQR. Statistical analysis was performed between each combination with its own genetic background (one-way ANOVA). Asterisk 

indicates differences at p < 0.05.
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HDC1 determines the deacetylation and transcriptional 

state of light-responsive genes

To pinpoint targets of HDC1-mediated deacetylation, we iso

lated nuclei from 5-day-old Col-0 and hdc1-1 seedlings exposed 

to red light and performed ChIP with antibodies against acety

lated lysine 9, 14, and 27 in histone 3 (anti-H3K9K14Ac and 

anti-H3K27Ac) respectively, followed by sequencing. For each 

genotype, two biological replicates were analyzed for each anti

body used (Figures S4A–S4E). Using a false discovery rate of 

0.05, we identified 3,892 differentially expressed peaks between 

Col-0 and hdc1 for H3K9K14Ac and 100 for H3K27Ac, respec

tively (Data S2 and S3; Figure S4A). In accordance with pub

lished histone acetylation distributions, the majority of the differ

entially enriched peaks were located in promoter regions, within 

1–2 kb of the TSS (Figures S4C and S4D). Gene Ontology anal

ysis of the differentially acetylated regions between hdc1-1 

and Col-0 showed no enrichment for H3K27Ac, as only 

three categories for few hypoacetylated genes were identified 

(Figure S5A). Conversely, the analysis of up-H3K9K14Ac using 

the same criteria revealed a significant enrichment in hdc1-1 

for targets related to light intensity, photosynthesis, and 

response to red or far-red light. Promoter regions that appeared 

hypoacetylated in hdc1-1 were instead associated with genes 

involved in salicylic acid, hypoxia, and low oxygen signaling 

(Figure S5B).

Four genes were selected for more detailed analysis based on 

the preferential expression under red-light and their role in 

photomorphogenesis. LONG HYPOCOTYL IN FAR RED (HFR1; 

Figure 4. HDC1 directly interacts with PIF4 and determines its protein abundance 

(A) Schematic of the 2-in-1 vector for BiFC containing N- and C-terminal halves of YFP signals fused to each protein and full-length RFP. 

(B) Representative YFP signals in nuclei of N. benthamiana epidermis cells transformed with the indicated vectors and protein pairs. Scale bar: 10 μm. 

(C and D) In vivo coIP of GFP HDC1 and PIF4. Proteins were extracted from 5-day-old Arabidopsis plants overexpressing GFP HDC1 exposed to red light 

(10 μmol m− 2 s− 1). HDC1 and PIF4 were detected by using anti-GFP and anti-PIF4, respectively. GFP HDC1 was immunoprecipitated by using anti-GFP beads. 

The anti-UGPase signal was detected as a loading control. Col-0 and pif4/pif5 seedlings were used as negative control. Red arrows indicate GFP and PIF4 

signals, respectively. ‘‘e’’ are empty wells. 

(E) Western blot analysis of PIF4 protein levels in 5-day-old Col-0, OX HDC1, hdc1-1, and pif4/pif5 seedlings exposed to red light (10 μmol m− 2 s− 1). PIF4 levels 

were detected by anti-PIF4 antibody. The UGPase signal was detected as a loading control. 

(F) Quantification of PIF4 signal over UGPase under red light for the genotypes and conditions reported in (E). Data are mean ± SD of eight biological replicates, 

reported above the bars. Asterisks show significant differences for p < 0.05 to Col-0 (one-way ANOVA).
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AT1G02340) is a transcription factor with a bHLH domain acting 

downstream of both phytochromes and cryptochromes.39

REVEILLE 7 (RVE7; AT1G18330) is a transcription factor involved 

in phytochrome-dependent cotyledon expansion.40,41 FAR-RED 

ELONGATED HYPOCOTYL 1 (FHY1; AT2G37678) also inhibits 

hypocotyl elongation by directly binding to photoreceptors.42–44

CHLOROPHYLL A/B-BINDING PROTEIN (CAB2; AT1G29920) is 

involved in photosynthesis and light perception, and its expres

sion is regulated by environmental changes45 (Figures 5A–5D). 

An independent ChIP-qPCR on the promoter regions of these 

genes confirmed the differential accumulation of histone marks 

(Figures 5A–5D) and determined the specificity of HDC1 for 

H3K9K14 acetylation residues.

To compare acetylation profiles with the expression of the 

selected genes, we also measured transcript levels using RT- 

qPCR. The results revealed a strong accumulation of these genes 

under red-light conditions in hdc1 mutants compared with the WT 

(one-way ANOVA, p ≤ 0.05), whereas OX HDC1 lines did not show 

significant deregulation compared with the WT (Figures 6A–6D). It 

is worth noting that we measured expression levels of other 

growth-related genes, including ATHB2, HY5, and HYH46–48

(Figures 6E–6G). Interestingly, although they are not present in 

our ChIP-seq datasets, these genes also showed an opposite 

pattern between hdc1-1 and OX HDC1, although not present in 

our ChIP-seq datasets, suggesting that HDC1 could also indi

rectly regulate their expression (Figures 6E–6G). In summary, 

red light increases histone acetylation and transcript levels of 

responsive genes, and both responses are dampened by HDC1.

HDC1 and PIF4 coordinate the expression of 

photomorphogenesis genes

Given the interaction between HDC1 and PIF4 and the HDC1- 

mediated deacetylation of red-light-induced genes, we were 

prompted to investigate whether HDC1 and PIF4 could converge 

to regulate common targets. By overlapping published PIF4 ChIP- 

seq datasets49 and differentially enriched ChIP peaks in hdc1, we 

could correlate PIF4 binding sites and the HDC1-mediated differ

ential acetylation peaks for the marks reported above 

(H3K9K14ac and H3K27ac) (Data S4–S6). Altogether, we found 

12 genes that were shared among the three datasets. Notably, a 

significant number of targets (931) was specifically enriched be

tween PIF4 and differential H3K9K14Ac (WT vs. hdc1-1) (Data 

S4–S6). Among them, we found HFR1, RVE7, and FHY1, which 

we confirmed as direct targets of HDC1-mediated deacetylation. 

The PIF4 ChIP-seq dataset further revealed a general association 

with promoter and TSS regions of these targets with an overlap 

with HDC1 H3K9K14 acetylation peaks (Figure S7).49 To test the 

requirement of HDC1 in promoting PIF4 binding to these promoter 

regions, we performed ChIP-qPCR on 35S:PIF4:HA and 35S: 

PIF4:HA hdc1 lines. Using an anti-hemagglutinin (HA) antibody, 

we could show comparable levels of PIF4:HA accumulation in 

Figure 5. HDC1 attenuates H3K9K14 acetylation of HFR1, RVE7, 

FHY1 and CAB2 under red light conditions 

H3K9K14ac coverage on four genes in Col-0 and hdc1-1 seedlings grown 

under red-light conditions (10 μmol m− 2 s− 1). 

Shown are (A) HFR1 (AT1G02340), (B) RVE7 (AT1G18330), (C) FHY1 

(AT2G37678), and (D) CAB2 (AT1G29920). The ChIP-seq profiles show 

normalized read numbers over 200-bp windows for two experimental repli

cates per genotype. Genes with 3′/5′ UTRs are represented as boxes, and 

white arrowheads indicate the direction of transcription. Red circles indicate 

the position of primers used for ChIP-qPCR and differential enrichment in 

common peaks identified using DiffBind. The graphs on the right of each plot 

amount of anti-H3K9K14ac ChIP DNA determined by qPCR in percent of input. 

Bars are means of 4 technical replicates ± SD on a third experimental replicate. 

For ChIP experiments, ∼3,000 seedlings per genotype under red light were 

processed for a total of three independently grown batches. Two biological 

replicates were subjected to sequencing, while a third one was analyzed by 

ChIP-qPCR. Asterisks show significant differences for p < 0.05 to Col-0 (t test). 

Plant material was obtained from 5-day-old Col-0 and hdc1-1 seedlings.
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these lines, ruling out a potential effect of HDC1 in the control of 

transgene accumulation (Figure S8B). The ChIP-qPCR assay per

formed on three biological replicates confirmed PIF4 association 

with different upstream regions of HFR1, REV7, and FHY1, 

respectively (Figures 7B–7D). However, in hdc1 mutants, PIF4 as

sociation with DNA was significantly diminished, suggesting that 

PIF4 recruitment to the regulatory regions of these targets is 

dependent on the presence of HDC1 (Figures 7B–7D). We also as

sessed whether HDC1 could directly bind the regulatory regions 

of these reported targets. Thus, we immunoprecipitated chro

matin from GFP-HDC1 seedlings using an anti-GFP antibody 

and performed qPCR on HFR1, FHY1, and RVE7 promoters. Inter

estingly, no enrichment was observed when compared to the 

negative control Col-0 (Figure 7B). Altogether, the data highlight 

the importance of the HDC1-PIF4 interaction in modulating gene 

expression, primarily in response to red light in Arabidopsis.

DISCUSSION

HDC1 modulates hypocotyl elongation by contributing 

to phyB-mediated signaling

Changes in chromatin state determine transcription factor (TF) 

accessibility and gene expression regulation in response to envi

ronmental changes.50 It is still unclear how, following photore

ceptor translocation to the nucleus, their signaling is regulated 

depending on the chromatin environment to fine-tune plant 

growth.

Transcriptional regulation is the basis of photomorphogenesis, 

and it is controlled by a small number of TFs, including the 

master regulator HY5 and the family of PIFs. Each TF, in turn, con

trols hundreds of genes involved in different light-regulated path

ways, all converging in light-controlled subnuclear hubs.51–53

Furthermore, a vast array of epigenome modifiers, including 

ATP-dependent chromatin remodelers, histone chaperones, or 

histone-modifying enzymes, act in cooperation or independent 

of transcriptional regulators to ultimately shape the (epi)genome 

landscape under fluctuating light conditions, thereby influencing 

transcription and chromatin architecture.54,55

In this study, we showed that HDC1, a scaffold protein that is 

an essential component of the HDAC complex, is required to 

promote hypocotyl elongation and to modulate the expression 

of growth-promoting genes in a red-light-specific manner. Previ

ous studies have shown that HDC1 co-elutes with HDA19, an 

important repressor of photomorphogenesis.20,56 However, 

while HDA19 photomorphogenic responses are not dependent 

on light quality, our data suggest that HDC1 is required primarily 

Figure 6. HDC1 moderates transcription levels of growth-promoting genes under red-light conditions 

Shown are mRNA levels of HFR1 (A), RVE7 (B), FHY1 (C), CAB2 (D), ATHB2 (AT4G16780) (E), HY5 (AT5G11260) (F), and HYH (AT3G17609) (G) in 5-day-old 

seedlings of Col-0, hdc1-1, and OX HDC1 grown on control medium under red-light conditions, determined by qPCR and normalized to the housekeeping 

gene ISU. Bars are means of 3 independent biological replicates (reported above the bars as technical replicates) ± SD. Asterisks indicate differences at p < 0.05 

(one-way ANOVA). For each biological replicate, ∼150 seedlings per genotype were processed.
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for red-light signaling, indicating a more specific action 

compared to HDAC (Figure 1). HDC1 has been reported previ

ously to interact with both HDA6 and HDA1922; however, we 

cannot exclude that HDAC complex composition is influenced 

by light quality.

Our data showed that phyB is epistatic to HDC1 and that 

PHYB expression and acetylation levels were negatively regu

lated by HDC1, indicating a different mode of action to modulate 

the photoreceptor signaling pathway (Figure 2). Histone acetyla

tion, which is usually associated with an increase in gene expres

sion, has been shown previously to be involved in the expression 

of light-responsive genes.15,57,58 The PHYA locus shows revers

ible histone acetylation during dark-to-light transition, with a tug- 

of war between acetylated and methylated regions, which, in 

turn, induces/represses PHYA expression.19 Additionally, our 

data indicate that HDC1 does not affect phyB protein abun

dance, neither nuclear body size nor number, suggesting that 

HDC1 functions primarily via transcriptional regulation. How

ever, we cannot rule out that phyB turnover could occur on a 

different timescale. It would be interesting indeed to assess 

phyB protein abundance in a time-of-the-day manner.

PIF4 is the main integrator of the red-light signaling pathway, 

and it is negatively regulated by phyB.38 Our combined genetic 

and protein studies demonstrate that HDC1 and PIF4 interact 

to fine-tune hypocotyl length. Interestingly PIF4 maintains inter

action with the RXT3 HDC1 domain that shows homology to the 

yeast protein that co-elutes with the RPD3 complex.59 This indi

cates that the RXT3 domain may preserve some of the HDC1 

roles during light perception and suggests similar functions in 

other organisms. Further investigations are required to address 

this question and define which PIF4 domain(s) are important 

for interaction and whether other PIFs might be involved. Our ex

periments indicate that PIF4 endogenous protein levels were 

decreased in hdc1-1 compared to the WT. This might suggest 

that HDC1 may protect PIF4 from the phyB-dependent degrada

tion, as observed in OX HDC1. Analyses of hdc1-1/pif4/pif5 triple 

Figure 7. PIF4 and HDC1 modulate photomorphogenesis by regulating a subset of growth-related targets 

A Venn diagram (A) depicts the common and individual targets bound by PIF4 and the differentially acetylated targets between Col-0 and hdc1-1 for H3K27Ac 

and K9K14Ac by HDC1 (B–D). ChIP-qPCR depicts PIF4 binding on promoter regions of HFR1 (B), RVE7 (C), and FHY1 (D) in PIF4:HA and PIF4:HA/hdc1-1 

seedlings exposed to red light. Non-antibody (NA) samples in PIF4:HA and PIF4:HA/hdc1-1 were used as a negative control. Bars are mean ± SD of three 

biological replicates, reported above the bars. Amplified regions are shown in Figure S7. Data in (B)–(D) are mean ± SD of three biological replicates. Statistical 

analysis was performed between each combination with its own genetic background (two-way ANOVA). Asterisks indicate differences at p < 0.05.
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and hdc1/pif4-2 double mutants allowed us to position PIF4 

downstream of HDC1 (Figure 3). Decreased levels of PIF4 lead 

to the inactivation of growth-promoting genes and, thus, to the 

inhibition of hypocotyl growth.60

HDC1 deacetylates light-inducible genes and is 

required for PIF4 association with the DNA

Hypocotyl elongation can be modulated by HDC1 through de

acetylation, hence repressing genes that favor expansion. While 

K9K14 is a canonical HDAC target, K27 appears to be modified 

during light exposure of light components. Our results showed 

changes in hdc1 acetylation primarily for K9K14, with over 

3000 targets being differentially modified, while only 100 targets 

were identified for K27. We could therefore conclude that HDC1 

works mainly on the former, thereby suggesting changes in the 

histone code based on acetylation position. A closer look at 

the targets being identified allowed us to highlight a clear distinc

tion between the hyperacetylated (UP in hdc1-1 vs. Col-0) and 

the hypoacetylated regions (DOWN in hdc1-1 vs. Col-0). Indeed, 

Gene Ontology analysis indicated targets involved in light inten

sity, photosynthesis, and red light in the former, while the latter 

comprises annotations such as response to salicylic acid and 

hypoxia (Figure S4). The combined results reflect the role of 

HDC1 during the deacetylation process and further consolidate 

its function to attenuate gene expression under red-light condi

tions. This hypothesis was further confirmed by the genes iden

tified in the process. In fact, targets like HFR1, RVE7, FHY1, and 

CAB2 are well-established regulators of hypocotyl elongation 

that depend on light quality (Figures 5 and 6). Interestingly, hfr1 

mutants display long hypocotyls under low-light conditions.61

The crosstalk between light components and chromatin 

mainly occurs downstream on primary targets. Our observation 

implies that PIF4 and HDC1 are both required on the same reg

ulatory regions or that HDC1 might allow PIF4 DNA binding 

(Figures 7 and S7A). To test this hypothesis, we introgressed 

hdc1 in the 35S:PIF4:HA background and assessed its effect 

both at the phenotypic and molecular levels (Figure 3C). Interest

ingly, in case of 35S:PIF4:HA, hdc1 mutation does not seem to 

affect protein levels, thereby ruling out any effect due to a differ

ence in the expression of the tagged PIF4. Our results suggest 

that PIF4:HA can only partially counteract HDC1 deficiency; 

thus, PIF4 requires HDC1 for full function. Similarly, PIF4 binding 

over shared regulatory regions of the common targets is signifi

cantly diminished in the absence of HDC1 (Figure 7). It is there

fore plausible that the HDC1-dependent deacetylation is a pre

requisite for subsequent PIF4 binding, considering that HDC1 

might not bind DNA elements directly (Figure S7B). Thus, 

HDC1-mediated deacetylation might occur before the induction 

of those genes, in an opposite manner to what concerns stress 

responses.25 Whether this is a general effect or it is restricted 

on a few targets remains to be explored.

In summary, we propose that HDC1 presents a dual function to 

fine-tune hypocotyl elongation. At the transcriptional and chro

matin levels, it modulates the expression of light components, 

including the photoreceptor phyB and light-induced genes like 

HFR1 and other targets. Additionally, HDC1 interacts with and re

cruits PIF4 on chromatin regions. In the absence of HDC1, the hy

peracetylation status allows an increase in gene expression and 

phyB-dependent PIF4 degradation (Figure S10). This mechanism 

reinforces the concept of HDC1 as a rate-limiting component of 

the HDAC complex and encourages the use of HDC1 to generate 

innovative epi-alleles through gene editing to optimize plant 

growth.

Limitations of the study

Our study reveals that HDC1 promotes hypocotyl elongation un

der red light by attenuating phyB expression and that it is impor

tant to modulate PIF4 and its recruitment to gene promoters. 

However, at this stage, we were not able to fully demonstrate 

how HDC1-mediated acetylation regulates phyB. Our results 

showed no changes in phyB abundance or nuclear body forma

tion (Figure S3), but it does remain unclear whether or how it af

fects the photoreceptor post-translationally. In this work, we 

focused primarily on the mutual interaction between HDC1 and 

PIF4. Thus, future experiments will aim to investigate the mode 

of action between HDC1 and other PIFs, including PIF3, which 

is also required for hypocotyl elongation under red-light condi

tions; this comprises assessing the putative HDC1-PIF3 interac

tion and association with DNA as well as analyzing hdc1/pif3 

double-mutant lines.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-PIF4 Agrisera Cat# AS163955

Rabbit polyclonal anti-PhyB Agrisera Cat# AS214566

Rabbit polyclonal anti-UGPase Agrisera Cat# AS05086; RRID:AB_1031827

Rabbit polyclonal anti-GFP Abcam Cat# Ab290; RRID:AB_303395

Rabbit polyclonal anti-HA Abcam Cat# Ab9110; RRID:AB_307019

Rabbit polyclonal anti-RFP Abcam Cat# Ab62341; RRID:AB_945213

Rabbit polyclonal anti-H3K27Ac Abcam Cat# Ab4729; RRID:AB_2118291

Rabbit polyclonal anti-H3K9K14Ac Diagenode Cat# pAb-005-050

Bacterial and virus strains

DH5α Chemically Competent Cells ThermoFisher Cat# 18265017

GV3101 Electrocompetent Cells Fisher scientific Cat# NC2385797

Chemicals, peptides, and recombinant proteins

Protein-A-Dynabeads ThermoFisher Cat# 10002D

Proteinase K ThermoFisher Cat# EO0491

cOmplete Proteinase inhibitor cocktail tablet Roche Cat# 11836170001

MG132 ThermoFisher Cat# J63250.MCR

Critical commercial assays

μMACSTM Anti-GFP Starting Kit Miltenyi Biotec Cat# 130-091-288

Deposited data

ChIP seq of H3K9K14Ac and H3K27Ac in WT and hdc1-1 This study BioProject: PRJNA1191197

Experimental models: Organisms/strains

Arabidopsis: Col-0 Perrella et al.22 NA

Arabidopsis: hdc1-1 Perrella et al.22 NA

Arabidopsis: 35S:HDC1 Perrella et al.22 NA

Arabidopsis: Ubi10:GFP-HDC1 Perrella et al.22 NA

Arabidopsis: pif4-2 Fang et al.38 NA

Arabidopsis: pif4 pif5 Fang et al.38 NA

Arabidopsis: phyB-9 Fang et al.38 NA

Arabidopsis: 35S:PIF4-HA Van Der Woude et al.62 NA

Oligonucleotides

Primers are listed in Table S1

Recombinant DNA

nYFP-HDC1 This study

cYFP-H1 Perrella et al.24

cYFP-PIF4 This study

cYFP-PIF5 This study

nYFP-RXT3L This study

GFP-HDC1 Perrella et al.22

RFP-PIF4 This study

Software and algorithms

FastQC Andrews63

Trimmomatic v0.39 Bolger et al.64

Bowtie2 v2.5.0 Langmead et al.65

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All Arabidopsis thaliana plants used in this study are of the Columbia (Col-0) ecotype unless stated otherwise. Double mutant com

binations of hdc1-1, 35S:HDC1 (referred to as OXHDC1), 35S:PIF4:HA with mutants of other genes (pif4-2, pif4pif5, phyB-9) and 

Ubi10:GFP-HDC1 lines were generated by crossing or Agrobacterium tumefaciens strain GV3101-mediated transformation, respec

tively. PhyB-9, pif4-2 pif5-3, pif4-2 and 35S:PIF4-HA were kindly provided by Eirini Kaiserli and Martijn Van Zanten, respectively. 

Primer sequences to genotype the mutants were previously described.38,62

METHOD DETAILS

Plant materials and growth conditions

For each experiment Arabidopsis seeds were surface sterilized and stratified. Surface sterilizing was conducted by vortex in 50% 

sodium hypochlorite solution, followed by three washes with double distilled sterile water (ddH2O). Stratification was conducted 

at 4◦C for 2–3 days in darkness. All the seeds were sown on half-strength Murashige and Skoog (MS) medium (pH 5.7) with 0.8% 

plant agar.

Hypocotyl measurements

Surface-sterilized and stratified seeds were first exposed to white light (60 μmol m− 2 s− 1) for 4 h to synchronize and induce germi

nation prior to exposure to the various specific light conditions described in the figure legends before hypocotyl measurements were 

recorded. Seedlings were scanned on the end of the fifth day post-germination as described in Fang et al., 2022.38 Hypocotyl length 

was measured from digital images using the ImageJ software (Fiji, NIH).73 An average of 15 seedlings was measured for each treat

ment for at least three experimental replicates. Data were plotted and statistical analyses were performed using GraphPad Prism. In 

whisker plots, boxes show median, interquartile range (IQR) and maximum-minimum interval of each dataset together with individual 

data points. Data shown are representative of three biological replicates with independent populations of seedlings exposed to an 

identical treatment.

qRT-PCR analysis

Total RNA was extracted from approximately 100 mg of 4-day-old seedlings (or as indicated in the figure legend) with the RNeasy 

plant mini kit (Qiagen). Tissue was frozen in liquid nitrogen and was ground using a tissue Lyser (Qiagen). First-strand cDNA was ob

tained from 1 μg total RNA using a QuantiTect reverse transcription kit (Qiagen) following the manufacturer’s instructions. Quantita

tive PCR (qRT-PCR) was performed with TB Green Premix Ex Taq (Takara) on a CFX96 Real-Time PCR machine (Biorad). Primers 

used are reported in Table S1. The cycling program was performed as follows: 3min at 95◦C, followed by 45 cycles of 10s at 

95◦C, 30 s at 59.5◦C, the cycling was finished by 3 s at 65◦C and 30 s at 95◦C, 12◦C in hold. Data analysis was conducted as reported 

in Perrella et al., 2024.25 The expression of each gene of interest was normalized to the housekeeping gene IRON SULFUR CLUSTER 

ASSEMBLY 1 (ISU) or subsequently to other controls as indicated in figure legends.

Western blotting

Approximately 100 mg of 5-day-old Arabidopsis light-grown pooled seedling tissue (or as indicated in the figure legend) was used for 

total protein isolation. Finely ground tissue powder was dissolved in 1.5 volumes of 4×Laemmli buffer (250 mM Tris-HCl pH 6.8, 10% 

[w/v] SDS, 20% [v/v] β-mercaptoethanol, 40% [v/v] glycerol, 0.1% [w/v] bromophenol blue). After vortex, the mixture was boiled at 

100◦C for 5 min prior to centrifugation for 1 min at 13,000 rpm. The supernatant was used for SDS-PAGE analysis. Equal volumes of 

total protein were separated in SDS-PAGE (Invitrogen Bolt 4–12% Bis-Tris Plus) or 10% gels made from acrylamide, followed by 

transfer and immunodetection using specific antibodies (details are given in figure legends) as previously described.38 Primary 

Continued
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deepTools2 RamÍrez et al.66

Macs2 v2.2.7 Zhang et al.67

Homer Heinz et al.68

ChIPQC Carrol et al.69

ChIPseeker v1.34.1 Wang et al.70

ClusterProfiler v3.0.4 Yu et al.71

DiffBind v3.8.4 Stark et al.72

GraphPad Prism

ImageJ Schindelin et al.73
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antibodies used in this study were anti-PIF4 (1:1,000 [v/v], Agrisera AS163955), anti-phyB (1:1,000 [v/v], Agrisera AS214566), anti- 

GFP (1:3,000 [v/v] Abcam ab290), anti-HA 1:1,000 [v/v] Abcam ab9110), anti-UGPase (1:10,000 [v/v], Agrisera AS05086), anti- 

RFP (Abcam ab62341). Protein levels were quantified by band intensities with ImageJ.

BiFC

The Gateway Cloning System (Invitrogen Life Technologies) was used to create vectors for BiFC. Vector constructions of nYFP- 

HDC1, nYFP-RXT3L, cYFP-PIF4, cYFP-PIF5 were generated using primers designed specifically for each gene of interest. Construc

tions generated in 2in1 vectors37 were transformed to Agrobacterium GV301 strain and were used for BiFC. All constructs were veri

fied by sequencing using the appropriate primers (see Table S1).24 Cell culture of each combination was then infiltrated in Nicotiana 

benthamiana leaves as previously described.74 The infiltrated plants were transferred to a growth room cabinet under white light for a 

period of 2–3 days post-incubation before examination by confocal microscopy.

Co-IP

Co-immunoprecipitation in Arabidopsis was conducted by using μMACS GFP Isolation kit (Miltenyi Biotec).75 Whole tissue was 

frozen and ground in liquid nitrogen. Finely ground powder was dissolved in 1.5 volumes of lysis buffer [93.2mM Na2HPO4, 

68mM NaH2PO4, 150mM NaCl, 5mM EDTA, 0.1% Triton-100, supplemented with freshly added 50 μM MG132, 1mM PMSF and 

1× protease inhibitor cocktail tablet (Roche) just before use] and mixed by rotating at 4◦C for 15 min. Finely mixed tissue was centri

fuged at 4◦C for 10min at 10000 rpm. For each genotype, supernatant containing 1.2 mg protein was incubated with 50 μL μMACS 

Anti-GFP MicroBeads for 45 min. Bradford assay was conducted to evaluate the concentration of protein. Sample was then loaded 

onto a MACS Column placed in the magnetic field and beads were washed through the column by following the manufacturer’s in

structions. GFP-tagged protein was finally eluted by pre-warmed (95◦C) elution buffer. The precipitated proteins were analyzed by 

SDS-PAGE and western blot. Native protein was loaded together as control.

Co-immunoprecipitation in Nicotiana benthamiana after leaf infiltration was conducted as previously described.76 In detail, total 

proteins were extracted in lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 10% Glycerol and 2 mM EDTA supplemented with 

5 mm DTT, 0.2% Triton and proteinase inhibitors. The extract was incubated overnight at 4◦C with GFP-sepharose beads (Cromo

tek). After several washes, the beads were boiled in Laemmli Buffer for 5 min before loading the acrylamide gel.

Chromatin immunoprecipitation (ChIP) and ChIP PCR

Chromatin immunoprecipitation was performed with 2 g of tissue as previously described.25 Approximately 2g of fresh tissue was 

collected and fixed with 1% formaldehyde under vacuum for 15min. Bioruptor sonicator (B01020001; Diagenode, Seraing (Ougrée), 

Belgium) was used to shear the chromatin using the following settings: 40 cycles of 30 s ON, 20 s OFF at high power. Anti- 

H3K9K14Ac and H3K27Ac antibodies were used to IP the chromatin (Diagenode pAb-005-050 and Abcam ab4729). IP DNA was 

quantified by Qubit (Thermofisher). For each antibody the experiment was conducted by two experimental replicates.

ChIP-qPCR was performed at the following cycles: 95◦C 3 min, 95◦C 3 s, 59.5◦C 30 s (40 cycles), 95◦C 91 min, and 60◦C 30 s 

(Melting curve). Reactions were performed on four technical replicates and three independent biological replicates. Relative enrich

ment for ChIP-qPCR assays was calculated, as shown in Perrella et al., 2024.25 Histone H3K9K14 and H3K27 acetylation enrichment 

over loci were determined by normalising immunoprecipitated DNA against input DNA (genomic) for the regions highlighted in 

Figure 5 and indicated as percentage of nuclear DNA (% Input). Primer sequences are reported in Table S1. Primer positions are 

indicated in Figure 5.

ChIP sequencing and data processing

Sequencing of the ChIP DNA was carried out by Mentotech s.r.l. ChIP Illumina Library preparation was performed using a Novaseq 

6000, paired-ends 150 million of reads and 8 Gbp per sample.

To assess the quality of the raw ChIP-seq data, we used the FastQC tool v0.11.4.63 This was followed by trimming adapter se

quences and filtering out low-quality bases, setting a minimum quality score of 25, and discarding reads shorter than 35 bases 

with Trimmomatic v0.39.64 Then, we performed a quality reassessment of the trimming step with FastQC. High quality reads that 

were obtained after the trimming step were mapped against the TAIR10 genome (Plant Ensembl release 58) using the bowtie2 

v2.5.0 aligner.65 Reads were then marked for duplicates using the Picard command line tool MarkDuplicates v3.1.1 and filtered using 

a mapping quality minimum threshold of 30. BigWig files were generated for genome wide visualization of the peaks using deeptools’ 

bamCoverage v3.5.266 with the following options: ‘‘–normalizeUsing BPM –binSize 50’’. The software macs2 v2.2.7.167 was used for 

the peak calling in narrow mode and without inputs with the following options: ‘‘-g 1.2e8 -q 0.05’’. Consensus peaks were later gener

ated by using the HOMER software and its submodule mergePeaks to keep peaks coming from the two replicates (Data S1).68

To assess the quality of the ChIP-seq experiment, several metrics were computed using the ChIPQC69 package. The metrics were 

computed on chromosome 1 to reduce the computational time cost. BAM files from replicates were merged into single files and a 

BigWig file was generated for each condition with the same options as before. A combination of Deeptools compute Matrix (–before 

Region Start Length 3000 –region Body Length 5000–after Region Start Length 3000 –skipZeros) and plot Profile were used to plot 

the peak profile around the Transcription Starting Site (TSS) and Transcription Ending Site (TES).
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The ChIPseeker package v1.34.170 was used to annotate the peaks using the Araport11 annotation; the promoter region was 

selected as ±3kb from the TSS. A Gene Ontology (GO) analysis was performed for each peak category (Common, Unique in Mutant 

and Unique in Wild Type) for each histone mark (H3K27Ac and H3K9K14Ac) with the clusterProfiler package v3.0.4.71 We applied a 

p-value cutoff of 0.05 and an adjusted p-value cutoff of 0.05. From the defined peakset and for each histone mark, we focused on the 

peaks shared between the Mutant (Mut) and Wild Type (WT). We conducted a differential enrichment analysis on the common peaks 

using DiffBind v3.8.4.72 The Differently expressed peaks were found using a minimum FDR threshold value of 0.05. Finally, we per

formed another GO analysis on the up- and down-significantly enriched genes (Data S2 and S3).

Confocal imaging and analysis

Seedlings or leaf disks onto slides containing a droplet of dH2O (without fixation) were imaged under a A1R confocal microscope 

(Nikon).

The leaf epidermal cells were obtained using 20× or 63× immersion objectives depending on the specific experiment. GFP, YFP 

and RFP signals were assessed in N. benthamiana epidermal cells two days after infiltration.22 EGFP fluorescence was excited at 

488 nm using a GaAsp laser scan long-pass filter and collected at 508–541 nm. EYFP fluorescence was excited at 488 nm and 

collected at 516–551 nm. Texas Red signal was excited at 561 nm and collected at 598–634 nm.

For Arabidopsis seedlings, eCFP signal was excited at 445nm and collected at 463-516nm.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were conducted with at least three biological replicates or otherwise stated in the figure legends. Number of samples, 

mean and standard deviation is reported on the figure legends.

Statistical analysis and plotting were conducted using ANOVA one way or T test by using Excel, SPSS Statistics, and GraphPad 

Prism software. p-values ≤0.05 were considered statistically significant.
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