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SUMMARY

Warm ambient conditions induce thermomorphogenesis and affect plant growth and development.
However, the chromatin regulatory mechanisms involved in thermomorphogenesis remain largely obscure.
In this study, we show that the histone methylation readers MORF-related gene 1 and 2 (MRG1/2) are
required to promote hypocotyl elongation in response to warm ambient conditions. A transcriptome
sequencing analysis indicates that MRG1/2 and phytochrome interacting factor 4 (PIF4) coactivate a num-
ber of thermoresponsive genes, including YUCCA8, which encodes a rate-limiting enzyme in the auxin
biosynthesis pathway. Additionally, MRG2 physically interacts with PIF4 to bind to thermoresponsive
genes and enhances the H4K5 acetylation of the chromatin of target genes in a PIF4-dependent manner.
Furthermore, MRG2 competes with phyB for binding to PIF4 and stabilizes PIF4 in planta. Our study indi-
cates that MRG1/2 activate thermoresponsive genes by inducing histone acetylation and stabilizing PIF4 in
Arabidopsis.

INTRODUCTION

Temperature is one of the most important environmental fac-

tors for plant growth and development, with ambient temper-

atures substantially affecting plant distribution and seasonal

behaviors.1–3 As sessile species, plants adapt to warm

ambient conditions via a series of morphological changes

(i.e., thermomorphogenesis).4,5 In Arabidopsis thaliana (Arabi-

dopsis), typical thermomorphogenic changes include

hypocotyl and petiole elongation, leaf hyponasty, and early

flowering, which enable plants to form a separate rosette

structure away from warm soil, thereby enhancing growth

and development.6,7

The key regulator of thermomorphogenesis is the basic he-

lix-loop-helix (bHLH) transcription factor PHYTOCHROME IN-

TERACTING FACTOR 4 (PIF4), which was first identified as a

protein that binds to the photoreceptor phytochrome B

(phyB).8,9 Previous studies determined that PIF4 expression

is rapidly induced following an increase in the ambient

temperature and that the pif4 mutant lacks the hypocotyl

elongation response under warm conditions.10,11 In addition,

PIF4 promotes auxin biosynthesis/signaling by binding to

and activating a set of genes, including YUCCA8 (YUC8),

SMALL AUXIN UP RNA (SAUR), and INDOLE-3-ACETIC

ACID INDUCIBLE 19, to induce thermomorphogenic changes

(e.g., hypocotyl elongation).10,12–16 As a crucial regulator of

PIF4 stability, phyB is involved in the posttranscriptional

regulation of PIF4.5 The evening complex components,

including EARLY FLOWERING 3 (ELF3), ELF4, and LUX

ARRHYTHMO (LUX), regulate the proper transcription of

PIF4.17,18 LONG HYPOCOTYL 5 (HY5), a bZIP transcription

factor, directly binds to the promoter region of PIF4 to repress

PIF4 transcription.19,20 ELF3 and the evening-expressed

circadian clock protein TIMING OF CAB EXPRESSION1

directly interact with PIF4 and prevent PIF4 from activating

its target genes.21,22 B-BOX PROTEIN 11 interacts with PIF4

and inhibits the accumulation of PIF4 protein.23 BLADE-ON-

PETIOLE promotes the red light-induced reduction of

PIF4 protein.24 Aspartic acid-glutamic acid-leucine-leucine-

alanine (DELLA) proteins inhibit the transcriptional activity of

PIF4 by preventing PIF4 from binding to the target

genes.25 In addition, the stability of PIF4 is regulated by

DE-ETIOLATED1 (DET1), BRASSINOSTEROIDINSENSITIVE 2

(BIN2), CONSTITUTIVE PHOTOMORPHOGENIC1, SUPPRESSOR

OF PHYA-105 (SPA), HEMERA (HMR), and REGULATOR OF

CHLOROPLAST BIOGENESIS (RCB).19,26–30 The transcription
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factor TEOSINTE BRANCHED 1/CYCLOIDEA/PCF 5 and MYB30

promote the activity of PIF4 at both transcriptional and

posttranslational levels.31,32 Notably, the photoreceptor

phyB also functions as a thermosensor, for upon warm treat-

ment, Pfr phyB (active form) spontaneously reverts to Pr

phyB (inactive form).33–36 After binding to Pfr phyB, PIF4 is

phosphorylated, ubiquitinated, and finally degraded by a

proteasome.37

Recent research revealed that some chromatin regulatory

mechanisms modulate thermomorphogenesis. For example,

ACTIN-RELATED PROTEIN 6 (ARP6), a component of the

SWR1 chromatin remodeling complex, incorporates H2A.Z into

chromatin; Arabidopsis plants lacking ARP6 exhibit constitutive

elevated temperature-induced phenotypes even at normal tem-

peratures.38 Moreover, Arabidopsis plants lacking the chromatin

remodeling factor INOSITOL REQUIRING 80 (INO80) are

unresponsive to elevated temperatures; INO80 interacts with

PIF4 and promotes thermomorphogenesis by activating the

transcription of PIF4 target genes.39 In addition to chromatin

remodeling, covalent modifications of histones are involved in

Arabidopsis thermomorphogenesis. The histone deacetylases

HISTONE DEACETYLASE 9 (HDA9), HDA15, and HDA19 are

involved in thermomorphogenesis regulation.40–42 The H3K27

demethylase RELATIVE OF ELF6 functions cooperatively with

PIF4 to synergistically promote thermomorphogenesis by acti-

vating the transcription of thermoresponsive genes under

warm ambient conditions.43 The chromatin remodeling factor

PICKLE is a positive regulator in thermomorphogenesis by

affecting H3K27me3 modification at thermoresponsive genes.44

Finally, the histone H3K4 demethylases Jumonji C 14 (JMJ14),

JMJ15, and JMJ18 function redundantly in response to warm

temperatures by repressing the transcription of a subset of tem-

perature-responsive genes.45

The histone methylation readers MORF-related gene 1 and

2 (MRG1/2) were first identified as H3K4me2/me3 and

H3K36me2/me3 readers that promote flowering by interacting

with CONSTANS to modulate FLOWERING LOCUS T expres-

sion in Arabidopsis.46 In addition, MRG1/2 interact with the

H4-specific acetyltransferases HISTONE ACETYLTRANSFER-

ASE OF THE MYST FAMILY 1 and 2 (HAM1/2), the histone

chaperones NAP1-RELATED PROTEIN 1 and 2, and the his-

tone deacetylase HISTONE DEACETYLASE 2C (HD2C) to

regulate the expression of flowering genes.47–49 In addition,

MRG1/2 promote shade-induced hypocotyl elongation by in-

teracting with the transcription factor PIF7.50

Here, we report that MRG1/2 promote thermomorphogene-

sis by activating PIF4 target genes. We observed that the

mrg1 mrg2 double mutant failed to respond to elevated

ambient temperatures, similar to the pif4 mutant. Our tran-

scriptome sequencing (RNA-seq) analysis revealed that the

expression levels of several thermoresponsive genes (e.g.,

YUC8, SAUR19, PAR1) were downregulated in the mrg1

mrg2, pif4, and mrg1 mrg2 pif4 mutants under warm condi-

tions. Our findings indicate that the histone reader proteins

MRG1/2 form a complex with PIF4 to activate thermorespon-

sive genes, while also stabilizing PIF4 at the protein level,

which is a novel mechanism for the chromatin regulation of

thermomorphogenesis in plants.

RESULTS

MRG1/2 positively regulate plant responses to warm
ambient conditions
The analysis of RNA-seq data47,49 detected the misregulation of

multiple hormone-related genes in the mrg1 mrg2 double

mutant, including the auxin synthesis genes SAUR19–SAUR25

and SAUR57, the auxin- and brassinosteroid-responsive gene

PAR1, and PRE1. Because phytohormones are essential for

thermomorphogenesis,51,52 our observations prompted us to

investigate whether MRG1/2 contribute to thermomorphogene-

sis. During the incubation at 22�C (i.e., normal conditions), the

mrg1 mrg2 mutant and the wild-type (WT) control had similar

hypocotyl lengths, whereas at 28�C (i.e., warm conditions) the

WT hypocotyl elongated significantly more than the mrg1

mrg2 hypocotyl (Figures 1A and S1A), although the mrg1 and

mrg2 single mutants behaved similarly to the WT plants at

28�C (Figure 1A). The expression of MRG2-Myc driven by the

MRG2 promoter in the mrg1 mrg2 double mutant resulted in

plants that responded normally to warm conditions (i.e., simi-

larly to the WT plants) (Figure 1A), suggesting that MRG1/2

redundantly promote hypocotyl elongation under warm condi-

tions. We also tested the petiole elongation and leaf hyponasty

of the mrg1 mrg2 mutant in response to warm temperatures.

Compared to the WT plants, the mrg1 mrg2 mutant exhibited

a weaker response to warm treatment both in petiole length

and leaf hyponasty (Figures 1C and S2). Taken together,

MRG1/2 are necessary for the proper response to warm

ambient temperatures in Arabidopsis.

MRG1/2 and PIF4 coactivate a subset of
thermoresponsive genes
In accordance with the fact that PIF4 functions as a central regu-

lator of thermomorphogenesis, the elongation of hypocotyl and

petiole induced by warm conditions (28�C) was repressed in

the pif4mutant (Figures 1B and 1C). To examine the genetic rela-

tionship betweenMRG1/2 and PIF4, we crossedmrg1mrg2with

pif4 to generate themrg1 mrg2 pif4 triple mutant. After an expo-

sure to warm ambient conditions, the defective elongation of hy-

pocotyl and petiole in the mrg1 mrg2 pif4 triple mutant was

similar to that in the pif4 mutant, but was stronger than that in

the mrg1 mrg2 double mutant (Figures 1B and 1C), implying

that PIF4 acts epistatically to MRG1/2 to promote hypocotyl

and petiole elongation. Consistent with the epistasis relationship

betweenMRG1/2 and PIF4, the leaf hyponasty inmrg1mrg2 pif4

triple mutant exhibited similarly to that observed in the pif4

mutant (Figure S2).

To explore how MRG1/2 affect thermomorphogenesis, we

conducted an RNA-seq analysis of WT, mrg1 mrg2, pif4, and

mrg1 mrg2 pif4 plants incubated at 22�C and 28�C. We

completed a pairwise scatterplot analysis to investigate the reg-

ulatory effects of MRG1/2 and PIF4 on transcription under

normal (22�C) and warm (28�C) conditions. This analysis re-

vealed that the misregulated genes in the pif4 and mrg1 mrg2

mutants were highly correlated (Figure 2A; Table S2). According

to the RNA-seq data for the WT plants, the expression levels of

932 and 1,361 genes were respectively up- and downregulated

at 28�C by more than 1.5-fold (p < 0.05) (Figure 2B; Table S2).
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The numbers of misregulated genes in the mrg1 mrg2, pif4, and

mrg1mrg2 pif4mutants are presented in Figure 2B. We selected

the differentially expressed genes (DEGs) in WT at 28�C, and
further analyzed their fold changes (28�C/22�C) in the mrg1

mrg2, pif4, and mrg1 mrg2 pif4 plants. The DEGs in WT were

divided into four clusters (Figure 2C). The genes in clusters 1

and 4 were respectively down- and upregulated in the WT plants

and the three mutants under warm conditions. The cluster 2

genes were significantly downregulated in the WT control, but

not in the mutants, whereas the cluster 3 genes were substan-

tially upregulated in the WT control, but not in the mutants under

warm conditions.

To investigate the distribution of PIF4 along chromatin in

response to warm temperatures, we performed chromatin

immunoprecipitation sequencing (ChIP-seq) analysis by using

PPIF4::PIF4-HA/pif4 plants at 22�C and 28�C. A total of 5,416

peaks corresponding to 4,890 genes were identified as the

PIF4-occupied peaks (Figures 3A and 3B; Table S3). PIF4

mainly enriched around the regions close to the transcription

start site (TSS) (Figures 3A and S3A), consistent with its role

as a transcription factor. A significant overlap was observed be-

tween PIF4 targets and the genes in clusters 2 and 3, where

genes were improperly induced or repressed by warm treat-

ment in the mutants (Figures 2C, 3B, S3B, and S3C;

Table S4). Gene Ontology analysis using the overlapped genes

with cluster 2, cluster 3, or clusters 2/3 showed that these genes

are involved in many biological processes, including response

to hormones (Figures 3C, S3D, and S3E). Considering that hor-

mones (e.g., auxin, gibberellins, brassinosteroid) have been re-

ported to function in the control of hypocotyl elongation,5 we

focused on the genes in the catalog of response to hormone

for further analysis (Figure 3D). A set of genes in this catalog

were previously reported to be induced by warm ambient con-

Figure 1. MRG1/2 are required for elevated

temperature-induced hypocotyl elongation

and petiole elongation

(A) Phenotypes ofWT,mrg1,mrg2,mrg1mrg2, and

PMRG2::MRG2-Myc/mrg1 mrg2 plants at 22�C
(normal conditions) or 28�C (warm conditions).

Scale bar, 0.5 cm.

(B) Phenotypes of WT, mrg1 mrg2, pif4, and mrg1

mrg2 pif4 plants at 22�C (normal conditions) or

28�C (warm conditions). Scale bar, 0.5 cm.

(C) The petiole length of WT, mrg1 mrg2, pif4, and

mrg1 mrg2 pif4 plants at 22�C (normal conditions)

or 28�C (warm conditions). Scale bar, 0.5 cm.

For (A) and (B), The left y axis presents the hypo-

cotyl length, whereas the right y axis presents the

ratio of the hypocotyl length at 28�C to that at 22�C.
The hypocotyl length and the petiole length for the

indicated genotypes were calculated using at least

20 plants (one-way ANOVA, followed by Fisher’s

least significant difference [LSD] test; p < 0.05).

ditions, such as auxin synthesis genes

(YUC8 and SAUR19) and the auxin- and

brassinosteroid-responsive gene PAR1,

which are the central thermoinduced

genes (Figure 3D). Our ChIP-seq data clearly showed that

PIF4 significantly enriched at the 50 upstream of YUC8,

SAUR19, and PAR1 genes at 28�C compared to at 22�C (Fig-

ure 3E). Consistently, the transcript levels of YUC8, SAUR19,

and PAR1 in WT at 28�C are obviously higher than those at

22�C and in the mutant plants at 22�C/28�C (Figure 3E). Quan-

titive reverse transcription PCR (qRT-PCR) analysis further

confirmed that the transcription of YUC8, SAUR19, and PAR1

decreased in the mrg1 mrg2, pif4, and mrg1 mrg2 pif4 mutants

compared to the WT control at 28�C (Figure S3F). Together, our

results indicate that MRG1/2 and PIF4 co-regulate a set of

thermoresponsive genes to promote thermomorphogenesis in

Arabidopsis.

MRG1/2 physically interact with PIF4
The genetic analysis confirmed thatMRG1/2 and PIF4 affect the

same pathway during thermomorphogenesis (Figures 1B, 1C,

and S2). The qRT-PCR results showed that the deletion of

MRG1/2 did not affect PIF4 transcription and the deletion of

PIF4 had no effect on MRG1/2 transcription at both 22�C and

28�C (Figures S1B and S1C), which compelled us to assess

whether MRG1/2 interact with PIF4. The yeast two-hybrid (Fig-

ure 4A), glutathione S-transferase (GST) pulldown (Figure 4B),

and biomolecular fluorescence complementation (BiFC) (Fig-

ure 4C) assays demonstrated the physical interaction between

MRG2 and PIF4 in vitro and in vivo. Specifically, yellow fluores-

cent protein (YFP) signals were restricted to the nucleus, which

is where MRG2 and PIF4 were localized (Figure 4C). We also

generated transgenic plants overexpressing Flag-MRG2 and

PIF4-HA for a coimmunoprecipitation (coIP) assay. The hemag-

glutinin (HA)-tagged PIF4 protein precipitated with the Flag-

tagged MRG2 (Figure 4D). Moreover, MRG1, which is homolo-

gous to MRG2, also interacted with PIF4 in the GST pulldown
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assay (Figure S4). These results reflected the physical interaction

between the histone methylation readers MRG1/2 and the tran-

scription factor PIF4 in Arabidopsis.

The PIF4 protein has an N-terminal active phytochrome bind-

ing (APB) domain that is necessary for phyB binding as well as a

C-terminal bHLH binding domain.53 To determine which PIF4

domain is required for the interaction with MRG2, we generated

four constructs encoding the following truncated PIF4 proteins:

PIF4-N1 containing the APB domain (amino acids 1–50), PIF4-

N2 (amino acids 51–253), PIF4-C1 (amino acids 254–430), and

PIF4-C2 containing the bHLH binding domain (amino acids 51–

430) (Figure 4E). The His-MRG2 fusion protein was precipitated

in the pulldown assay byGST-PIF4-N1, but not byGST-PIF4-N2,

GST-PIF4-C1, and GST-PIF4-C2 (Figure 4F). The BiFC assay

provided additional evidence that only PIF4-N1 is necessary

for the binding to MRG2 (Figure 4G), indicating that the PIF4

N-terminal (amino acids 1–50) containing the APB domain is suf-

ficient for the MRG2–PIF4 interaction.

MRG2 binds to thermoresponsive gene loci in a PIF4-
dependent manner
Consistent with the previous studies16,54 and our ChIP-seq

data (Figure 3E), our ChIP-quantitative PCR (ChIP-qPCR) re-

sults further confirmed that PIF4 binds to the YUC8,

SAUR19, and PAR1 promoter regions under warm conditions

(Figures 5A and 5B). We subsequently investigated whether

MRG2 binds to these genes by using the PMRG2::MRG2-

Myc/mrg1 mrg2 and PMRG2::MRG2-Myc/mrg1 mrg2 pif4

transgenic plants, which expressed comparable MRG2-Myc

protein in the mrg1 mrg2 and mrg1 mrg2 pif4 genetic back-

grounds, respectively (Figure S5A). MRG2-Myc significantly

enriched at the chromatin regions of YUC8, SAUR19, and

PAR1 genes at 28�C in the mrg1 mrg2 background

(Figures 5C, S5B, and S5C), but not in the mrg1 mrg2 pif4

background (Figure 5D), indicating that the binding of MRG2

to the central thermoresponsive genes YUC8, SAUR19, and

PAR1 requires PIF4.

Figure 2. MRG1/2 and PIF4 co-regulate a set of genes

(A) Pairwise scatterplot analysis showing the highly correlated DEGs (p < 0.05 and fold change >1.5) in themrg1mrg2, pif4, andmrg1mrg2 pif4 plants (compared

with theWT controls) at 22�C (left) and 28�C (right). The numbers of up- and downregulated genes (p < 0.05 and fold change >1.5) in themrg1mrg2, pif4, andmrg1

mrg2 pif4 mutants are presented (compared with the WT controls). Red and green dots/numbers represent the co-up- and co-downregulated genes, respec-

tively.

(B) Numbers of up- and downregulated genes (p < 0.05 and fold change >1.5) in the WT, mrg1 mrg2, pif4, and mrg1 mrg2 pif4 plants at 28�C are presented

(compared with the plants at 22�C).
(C) Heatmap presenting the log2FC (fold change) of DEGs in WT at 28�C compared to at 22�C, and the log2FC (28�C/22�C) of these genes in themrg1 mrg2, pif4,

and mrg1 mrg2 pif4 mutant plants.
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MRG1/2 and PIF4 induce the transcription of
thermoresponsive genes via histone acetylations
As important chromatin regulatory factors, MRG1/2 are reader

proteins that specifically recognize methylated H3K4 and

H3K36.46 In addition, MRG1/2 physically interact with the his-

tone H3 deacetylase HD2C49 and the histone H4 acetyltrans-

ferases HAM1 and HAM2.48 Accordingly, we examined whether

MRG-PIF4 induces the expression of thermoresponsive genes

by regulating gene activation-related histone modifications.

We first tested by western blot whether the global levels of

Figure 3. MRG1/2–PIF4 promote thermomorphogenesis by co-regulating a set of thermo-responsive genes

(A) ChIP-seq analysis showing the distribution of PIF4-HA along the genome in PPIF4::PIF4-HA/pif4 plants at 22�C and at 28�C. Heatmap (bottom) showing the

gene-by-gene enrichment of PIF4-HA at PIF4 target genes (from 3 kb upstream TSS to 3 kb downstream transcription termination site [TTS]).

(B) Venn diagram showing comparison of genes in clusters 2/3 and the targets of PIF4. The significance level of the intersection was examined by single-end

Fisher’s exact test: ***p < 0.001.

(C) Functional enrichment analysis of the overlapped genes in (B). The size of each point represents the number of genes, and p values are indicated with various

colors.

(D) Heatmap presenting the log2FC (28�C/22�C) of genes involved in response to hormones in (C) in the WT, mrg1 mrg2, pif4, and mrg1 mrg2 pif4 plants.

(E) Integrative Genomics Viewer shots showing the PIF4-HA ChIP-seq data at YUC8, SAUR19, and PAR1 genes at 22�C and 28�C, and the RNA-seq data for

these three genes in the WT, mrg1 mrg2, pif4, and mrg1 mrg2 pif4 plants at 22�C and 28�C.
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active histone modifications, including H3K4me3, H3K36me3,

H3K9ac, H4K5ac, and H3K36ac, were affected by warm treat-

ment. As shown in Figure S6A, warm temperatures did not

induce obviously global changes of these histone modifica-

tions. Next, we performed ChIP-qPCR assay to test the levels

of these modifications at YUC8, SAUR19, and PAR1 loci. There

were no obvious differences in the H3K4me3 and H3K36me3

levels at the YUC8 locus between the treatment at 28�C and

the treatment at 22�C (Figures S6B–S6D). In contrast, the

H3K9ac and H4K5ac levels, but not the H3K36ac level, at the

YUC8 locus were significantly higher at 28�C than at 22�C,
especially within the gene body region (Figures 6A–6D), indi-

cating that H3K9ac and H4K5ac may be important for the acti-

vation of MRG-PIF4 targets during thermomorphogenesis.

A ChIP-qPCR analysis was performed to measure the histone

acetylation levels at the PIF4 target gene loci in the WT, mrg1

mrg2, pif4, and mrg1 mrg2 pif4 plants grown at 22�C and

28�C. The treatment at 28�C significantly increased the

H3K9ac and H4K5ac levels at YUC8 fragments 3 and 4 in the

WT control and in the mrg1 mrg2 mutant, but not in the pif4 or

mrg1 mrg2 pif4 mutants (Figures 6E and 6F). However, the in-

crease in H4K5ac level at YUC8 at 28�C in themrg1mrg2mutant

was significantly lower than that in WT (Figure 6F). Similarly, the

H4K5ac levels of SAUR19 and PAR1 decreased significantly in

Figure 4. MRG2 interacts with PIF4 in vitro and in vivo

(A) Yeast two- hybrid assay showing the interaction between MRG2 and PIF4 in yeast cells.

(B) GST pulldown assay indicating that MRG2 interacted with PIF4 in vitro. His-MRG2was pulled down by GST-PIF4, but not by GST. His-MRG2, GST, and GST-

PIF4 proteins are marked by asterisks in the gel stained with Coomassie brilliant blue.

(C) BiFC assay showing the interaction between MRG2 and PIF4 in N. benthamiana leaf epidermal cells. Scale bar, 100 mm.

(D) The interaction between MRG2 and PIF4 was detected in a coIP assay. Proteins were extracted from 6-day-old plants overexpressing Flag-MRG2, PIF4-HA,

or Flag-MRG2/PIF4-HA. Flag-MRG2 and PIF4-HA were detected in a western blot using anti-Flag and anti-HA antibodies, respectively.

(E) Schematic representation of the full-length and truncated PIF4 proteins.

(F) GST pulldown assay showing that His-MRG2was pulled down byGST-PIF4-N1 andGST-PIF4. His-MRG2, GST-PIF4-N1, GST-PIF4-N2, GST-PIF4-C1, GST-

PIF4-C2, and GST-PIF4 (full length) are marked by asterisks in the gel stained with Coomassie brilliant blue.

(G) BiFC assay showing that MRG2 interacted with the N terminus of PIF4 in tobacco leaf cells. Scale bar, 50 mm.
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the examined mutants (Figures S6E–S6G). ChIP-seq analysis

showed that the warm treatment at 28�C failed to result in a

global change in the distributions of H3K9ac and H4K5ac along

the genome in the WT and pif4 mutant plants (Figure S7A).

Consistent with our ChIP-qPCR results, the ChIP-seq analysis

showed that 28�C treatment failed to induce the increase in

H3K9ac at YUC8 and PAR1 genes in the pif4 mutant compared

to WT (Figure S7; Table S5). Considering YUC8, SAUR19, and

PAR1 lowly marked by H4K5ac and the different experiment as-

says for ChIP-qPCR and ChIP-seq, the H4K5ac changes at

these genes in the pif4 mutant and WT plants at 28�C were not

Figure 5. MRG2 and PIF4 bind to the chro-

matin regions of YUC8, SAUR19, and PAR1

genes

(A) Schematic representation of YUC8, SAUR19,

and PAR1 genes and the fragments examined by

ChIP-qPCR.

(B–D) ChIP analysis for PIF4/MRG2 enrichment at

YUC8, SAUR19, and PAR1 genes by using the

antibody against HA in the transgenic PPIF4::PIF4-

HA/pif4 plants (B) and the antibody against Myc in

the PMRG2::MRG2-Myc/mrg1 mrg2 plants (C) and in

the PMRG2:: MRG2-Myc/mrg1mrg2 pif4 plants (D) at

22�C and 28�C. Values are presented as themean ±

SD of three individual biological replicates. ACTIN2

acts as an internal control. Asterisks indicate sig-

nificant differences between 22�C and 28�C (Stu-

dent’s t test; p < 0.05).

detected in the ChIP-seq analysis (Fig-

ure S7). Taken together, our results implied

that MRG1/2 and PIF4 are required for the

induction of histone acetylation at thermor-

esponsive genes following an exposure to

warm conditions.

MRG2 stabilizes PIF4 by competing
with phyB
The MRG2 protein interacted with the

PIF4 N terminus containing the APB

domain, which is also responsible for the

binding to phyB, prompting us to investi-

gate whether the interaction between

MRG2 and PIF4 affects the interaction

between PIF4 and phyB. An in vitro

competitive binding assay was per-

formed, which showed that phyB strongly

interacted with His-PIF4, but increasing

amounts of MRG2 significantly weakened

the interaction between phyB and PIF4

(Figures 7A and S8A). In addition, the

GST pulldown assay involving 35S::Flag-

MRG2/Col-0 transgenic plants overex-

pressing Flag-MRG2 in the WT genetic

background demonstrated that the addi-

tion of Flag-MRG2 proteins extracted

from Arabidopsis also inhibited the

phyB–PIF4 interaction (Figure 7B). These

findings suggest that MRG2 competes with phyB for the bind-

ing to PIF4.

To elucidate the competition between MRG2 and phyB

in vivo, we performed a split luciferase assay in Nicotiana ben-

thamiana leaves. Consistent with our in vitro results, the in-

crease in MRG2 significantly blocked the interaction between

PIF4 and phyB in planta (Figures 7C and S8B). In addition,

we found that the increase in WT phyB also inhibited the inter-

action between MRG2 and PIF4 (Figures S8C and S8D).

Furthermore, a point mutation in the N-terminal of phyB

(phyBG111D), which disturbs the interaction between phyB and
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PIF4,55 failed to block the MRG2-PIF4 interaction (Figures S8E

and S8F).

To further investigate the role of MRG2 in competition with

phyB to interact with PIF4 in vivo, we detected the PIF4 protein

accumulation in the WT and mrg1 mrg2 plants. Consistent with

the results of earlier investigations,10,11 under warm conditions,

PIF4 accumulated in the WT control (Figures 7D and S9A), but

the MRG2 abundance in the PMRG2::MRG2-Myc/mrg1 mrg2

plants was unchanged during the long-term exposure to warm

conditions (Figure S9B). In contrast, the PIF4 content was signif-

icantly lower in the mrg1 mrg2 mutant than in the WT control,

even though PIF4 production was still induced in the mrg1

mrg2mutant during the prolonged exposure to warm conditions

(Figure 7D). More important, the rapid degradation of PIF4 in

mrg1 mrg2 could be inhibited by MG132 treatment (Figure 7E).

In addition, we observed a significant increase in PIF4 ubiquitina-

tion in the mrg1 mrg2 mutant under warm conditions compared

to WT (Figure S9C), indicating that MRG2 inhibited the degrada-

tion of PIF4 via the ubiquitin/proteasome pathway under warm

conditions. Thus, the absence of MRG1/2 enhanced the interac-

tion between PIF4 and phyB, leading to an increased degrada-

tion of PIF4. In addition, we examined the levels of the PIF4 pro-

tein inWT and the 35S::Flag-MRG2/Col-0 plants, in whichMRG2

protein was overexpressed in the WT plants, in response to

warm temperatures. As shown in Figures 7F and 7G, the PIF4

protein abundance in the 35S::Flag-MRG2/Col-0 plants was

obviously higher than in WT control, regardless of whether

MG132 was applied. Consistently, the 35S::Flag-MRG2/Col-

0 plant displayed a significant increase in the hypocotyl length

under warm temperatures compared toWT (Figure 7H). Notably,

there is a significant decrease in PIF4 ubiquitination in the

35S::Flag-MRG2/Col-0 plants, suggesting that the overexpres-

sion of MRG2 inhibits the ubiquitination and proteasomal degra-

dation of PIF4 (Figure S9C). The transcripts of phyB and phyB

proteins were almost unchanged in the mrg1 mrg2 mutant and

35S::Flag-MRG2/Col-0 plants compared to WT (Figures 7D–

7G, S9D, and S9E), indicating that the altered PIF4 protein in

mrg1 mrg2 and 35S::Flag-MRG2/Col-0 plants were not due to

the different abundance of phyB. In addition, the transcripts of

PIF4 were similar in the WT, mrg1 mrg2, and 35S::Flag-MRG2/

Col-0 plants at the same time point under warm conditions (Fig-

ure S9E), supporting the notion that the altered protein levels of

Figure 6. MRG1/2 and PIF4 promote the histone acetylation of thermoresponsive genes

(A) Schematic representation of the YUC8 structures and fragments examined by ChIP-qPCR.

(B–D) ChIP analysis of YUC8 using antibodies against H3K9ac (B), H4K5ac (C), and H3K36ac (D) for the WT plants incubated at 22�C and 28�C.
(E and F) ChIP analysis of YUC8 using antibodies against H3K9ac (E) and H4K5ac (F) for the WT,mrg1 mrg2, pif4, andmrg1 mrg2 pif4 plants incubated at 22�C
and 28�C.
(B–F) Values are presented as the mean ± SD of three individual biological replicates, with ACTIN2 serving as the control.

(B–D) Asterisks indicate significant differences between 22�C and 28�C in WT (Student’s t test; p < 0.05).

(E and F) Significant differences between means are calculated by one-way ANOVA, followed by Fisher’s LSD test (p < 0.05).
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Figure 7. MRG2 competes with phyB to interact with PIF4 and stabilizes the PIF4 protein

(A) Competitive pulldown assay showing that increases in the abundance of purified recombinant MRG2 from Escherichia coli gradually inhibited the phyB–PIF4

interaction. His-PIF4 was pulled down and detected in a western blot by using an anti-His antibody. GST-phyB and GST proteins are marked by asterisks in the

gel stained with Coomassie brilliant blue. PCB, phycocyanobilin.

(B) Competitive assay using the Flag-MRG2 protein extracted from 35S::Flag-MRG2/Col-0 plants. His-PIF4 and Flag-MRG2 were detected in a western blot by

using anti-His and anti-Flag antibodies, respectively. GST-phyB and GST proteins are marked by asterisks in the gel stained with Coomassie brilliant blue.

(C) Split luciferase assay showing the competition between MRG2 and phyB to interact with PIF4. Tobacco leaves were co-infiltrated with Agrobacterium

containing nLUC-PIF4 and phyB-cLUC with or without Flag-MRG2. Subsequent luminescence imaging was performed by using a charge-coupled device im-

aging system.

(D and E) Western blot showing the protein levels of PIF4 and phyB in the mrg1 mrg2 and WT plants under warm conditions without (D) or with (E) MG132.

(F and G) Western blot showing the protein levels of PIF4 and phyB in the 35S::Flag-MRG2/Col-0 and WT plants under warm conditions without (F) or with (G)

MG132.

(D–G) Plants are grown at 22�C for 6 days and then incubated at 28�C for 0, 3, 6, and 12 h.

(E andG)Plants are treatedwith42mMMG132 for 4 hoursbefore shifting towarmconditions. PIF4 andphyBareanalyzed in awesternblot by using theanti-PIF4and

anti-phyB antibodies, respectively, with H3 serving as a control for nuclear proteins. Band intensities are determined by using ImageJ andnormalized against the H3

band intensity to determine the fold change in protein abundance. For different samples, band intensities are calculated relative to the band at the 0-h time point.

(legend continued on next page)
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PIF4 in mrg1 mrg2 and 35S::Flag-MRG2/Col-0 were not due to

the different levels of PIF4 mRNA. Taken together, MRG1/2 ap-

peared to stabilize PIF4 by competing with phyB, which posi-

tively regulated thermomorphogenesis (Figure 7I).

DISCUSSION

Chromatin regulatory mechanisms modulate multiple biological

processes, including responses to environmental changes. As

important histone methylation reader proteins, Arabidopsis

MRG1/2 regulate various biological processes by interacting

with diverse partners. In the present study, we determined that

MRG1/2 influence thermomorphogenesis by physically interact-

ing with the central thermoregulator PIF4.

We have previously reported that MRGs interact with PIF7 to

promote hypocotyl elongation upon shade avoidance syndrome

(SAS) in Arabidopsis.50 In shade conditions, MRG2 physically in-

teractswithPIF7 and promotes the transcription ofmultiple down-

stream PIF7-target genes by increasing H4K5ac.50 Similarly,

MRG2 and PIF4 also bind to the PIF4 target genes to enhance

H4K5ac, thereby promoting their transcription under warm condi-

tions, suggesting a conserved regulatory mechanism to promote

hypocotyl elongation for both MRG2-PIF4 and MRG2-PIF7. To

benoted that the regions of PIF4 andPIF7 responsible for interact-

ing withMRG2 are different (Figure 4).50 PIF4 interacts withMRG2

through the APB domain (Figures 4E–4G), the same domain

responsible for binding to phyB, whereas PIF7 interacts with

MRG2 via the region located between the APB and the bHLH

domains.50Thedistinct regionswithinPIF7 responsible for interac-

tion with phyB andMRG2 imply that there may be different mech-

anisms forMRG2 involved in the regulation of PIF4 and PIF7 at the

protein level.Consistently,MRG2 isnot able tocompetewithphyB

to bind PIF7 (Figure S9F). PIF7, a major transcription factor

involved in SAS,56,57 has been found to be involved in the thermo-

morphogenic response.58,59 Notably, the pif4 mutant exhibits a

more severe warm induced-defective phenotype than that of

pif7,60 indicating that PIF4 plays a dominant role in response to

warm temperatures, whereas PIF7 functions in thermomorpho-

genesis particularly in shade conditions, showing a synergistic

growth response to both shade and warm temperatures,60 which

is consistent with our observations (Figure S9G). Although both

PIF4 and PIF7 proteins accumulate rapidly in response to warm

temperatures, they are regulated by different mechanisms. The

active Pfr phyB induces the phosphorylation of PIF1/3/4/5, but

notPIF7.37,61–63Underwarmconditions, the reduction in theactive

Pfr phyB prevents the phosphorylation and subsequent degrada-

tionof PIF4, and thenmorePIF4protein is released.33–37However,

PIF7 protein quickly increases due to the enhanced translation of

PIF7 mRNA mediated by the formation of an RNA hairpin within

its 50 UTR in response towarmth.58 Thus, the warmth-induced ac-

cumulations of PIF4 and PIF7 are differently regulated, suggesting

that there could bemore different regulatorymechanisms for PIF4

and PIF7 in temperature response to be discovered.

In Arabidopsis, the histone deacetylases HDA9, HDA15, and

HDA19 are essential for responses to warm ambient conditions

because they regulate histone acetylation,40–42 reflecting the

importance of histone acetylation for thermomorphogenesis. A

previous study confirmed that MRG1/2 interact with HAM1/2,

which are histone H4 acetyltransferases.48 Consistent with this

earlier finding, we observed that the H3K9ac and H4K5ac levels

at key thermoresponsive genes increased significantly under

warm conditions (Figures 6 and S6E–S6G). Moreover, the in-

crease in the H4K5ac level at 28�C was inhibited in the mrg1

mrg2 and pif4mutants, indicating that the MRG1/2-PIF4 module

is necessary for the H4K5ac modification at their target genes.

MRG1/2 function as the specific readers for H3K4me3/

H3K36me3. In our ChIP-qPCR assay, the lack of MRG1/2 did

not alter the H3K4me3 and H3K36me3 levels at the YUC8 locus

(Figures S6B–S6D), suggesting that a short-term exposure to

warm conditions (6 h) is insufficient for inducing obvious changes

to histone methylations. Compared with histone acetylations,

histone methylations are more stable and have a longer turnover

time. More specifically, the half-lives of H3K4me3 and

H3K36me3 are respectively 6.8 and 57 h in mammalian cells,64

which are longer than the half-lives of histone acetylations

(0.8–2.3 h).65 Histone acetylations are highly dynamic and may

quickly respond to environmental changes, which is in accor-

dance with our results indicating that MRG1/2 along with PIF4

directly target and activate essential thermoresponsive genes

by promoting histone acetylations.

In addition to transcriptional regulation, PIF4 expression is

regulated at the posttranslational level (e.g., regulation of PIF4

stability), which is important for thermomorphogenesis. The

brassinosteroid signaling-related kinase BIN2 binds to and

phosphorylates PIF4 and destabilizes PIF4 at dawn.26 DET1

reportedly increases the stability of PIFs, including PIF4 in dark-

ness.27 HMR, which is required for the phyB-mediated sensing

of elevated temperatures, promotes the accumulation of PIF4

under warm conditions.29 Another study demonstrated that

SPA regulates thermomorphogenesis by stabilizing PIF4 under

warm ambient conditions.28 More recently, RCB was reported

to interact with HMR to stabilize PIF4 during the daytime and

initiate thermomorphogenesis.30 A recently published work

shows that heat shock transcription factor 1d stabilizes PIF4

by competing with phyB.66 However, themolecular mechanisms

underlying the stabilizing effects of the above-mentioned regula-

tors on PIF4 remain largely unclear.

In the present study, we examined howMRG proteins stabilize

PIF4 (Figure 7I). In WT Arabidopsis, MRG proteins compete with

phyB for the binding to PIF4, thereby limiting PIF4 degradation.

(H) Phenotypes of the WT, mrg1 mrg2, PMRG2::MRG2-Myc/mrg1 mrg2, and 35S::Flag-MRG2 plants treated at 22�C (normal conditions) or 28�C (warm condi-

tions). Scale bar, 0.5 cm. The left y axis presents the hypocotyl length, and the right y axis presents the ratio of the hypocotyl length at 28�C to that at 22�C. The
hypocotyl lengths for the indicated genotypes were calculated by using at least 20 plants (one-way ANOVA, followed by Fisher’s LSD test; p < 0.05).

(I) Working model showing the involvement of MRG1/2-PIF4 in thermomorphogenesis. In WT, MRG2 competes with phyB to interact with PIF4, thereby

contributing to the stabilization of PIF4. MRG2-PIF4 directly targets and maintains the hyperacetylation state at the chromatin regions of thermoresponsive

genes, such as YUC8 and SAUR19, to activate their transcription to promote the elongation of the hypocotyl upon warm conditions. In mrg1 mrg2mutants, the

absence of MRG1/2 leads to the instability of the PIF4 protein and inhibits thermomorphogenesis in Arabidopsis.
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The MRG-PIF4 complex targets thermoresponsive genes and

promotes histone acetylations to activate gene transcription, ul-

timately leading to hypocotyl elongation in response to warm

ambient conditions. In the mrg1 mrg2 mutant, the lack of

MRG1/2 results in the increased binding between phyB and

PIF4, the latter of which is subsequently phosphorylated and

ultimately degraded via ubiquitin-proteasome-dependent prote-

olysis. This leads to defective hypocotyl elongation under

warm conditions. MRG2 promotes thermomorphogenesis in

both transcriptional regulation and posttranscriptional regula-

tion. First, MRG2-PIF4 target to the thermoresponsive genes

and promote their transcription by enhancing H4K5ac in a tem-

perature-dependent manner. Second, MRG2 stabilizes PIF4 by

competing with phyB, presenting a posttranslational regulation

of PIF4 at the protein level. Although the active Pfr phyB is dimin-

ished upon warm temperatures,34 the remaining Pfr phyB can

still interact with PIF4 and trigger PIF4 phosphorylation, resulting

in the irreversible degradation of PIF4,33,35,36 whereas the

reversible interaction between MRG2 and PIF4 (Figures 7C and

S8C) possibly offers a flexible mechanism to regulate PIF4 at

the protein level and facilitates appropriate plant responses to

the elevated temperatures.

Limitations of the study
Although our work reveals that MRG proteins activate the ther-

moresponsive genes by inducing histone acetylations and stabi-

lizing PIF4 protein upon warm treatment in Arabidopsis, this

study still has limitations. The distribution of MRG2 along the

genome in response to warm temperatures is not determined

because we could not find a suitable technique to obtain the reli-

able ChIP-seq data of MRG2. For the ChIP-seq data of H3K9ac

and H4K5ac, all of the DNA fragments precipitated by the anti-

H3K9ac and anti-H4K5ac antibodies are amplified to construct

the libraries for sequencing, so the genes enriched of H3K9ac/

H4K5acmodifications will be well amplified, whereas those lowly

marked by H3K9ac/H4K5ac are not easily amplified—even

easily lost. Compared to those highly expressed genes enriched

of acetylation, the levels of H4K5ac at YUC8, SAUR19, and

PAR1 were much lower (Figure S7), which is why we think that

decreased H4K5ac at these genes were not detected at 28�C
in the pif4 mutant compared to WT in our ChIP-seq data.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-His GNI Cat# GNI4110-HS; RRID: AB_3076245

Rabbit polyclonal anti-HA Abcam Cat# ab9110; RRID:AB_307019

Mouse monoclonal anti-Flag Sigma-Aldrich Cat# F1804; RRID:AB_262044

Rabbit polyclonal anti-H4K5ac Sigma-Aldrich Cat# 07-327; RRID:AB_310523

Rabbit polyclonal anti-H3K9ac Abcam Cat# ab10812; RRID:AB_297491

Rabbit polyclonal anti-H3K36ac Active Motif Cat# 39379; RRID:AB_2614977

Rabbit polyclonal anti-H3K4me3 Abcam Cat# ab8580; RRID:AB_306649

Rabbit polyclonal anti-H3K36me3 Abcam Cat# ab9050; RRID:AB_306966

Mouse monoclonal anti-Myc Abmart Cat# M20002L: RRID:AB_2861172

Mouse monoclonal anti-phyB PHYTOAB Cat# PHY1733; RRID:AB_3076246

Mouse monoclonal anti-HA Abmart Cat# M20003M; RRID:AB_2864345

Mouse monoclonal anti-Flag Abmart Cat# M20008M; RRID:AB_2713960

Rabbit polyclonal anti-H3 Abcam Cat# ab1791; RRID:AB_302613

Rabbit Polyclonal anti-PIF4 Abiocode Cat# R2534-4

Rabbit Monoclonal anti-ubiquitin Beyotime Cat# AF1705; RRID:AB_2858211

Bacterial and virus strains

GV3101 Chemically Competent Cell WeidiBio Cat# AC1001

Y2HGold Chemically Competent Cell WeidiBio Cat# YC1002

Rosetta(DE3) Chemically Competent Cell WeidiBio Cat# EC1010

Chemicals, peptides, and recombinant proteins

Protein-A Dynabeads Invitrogen Cat# 10002D

Proteinase K Invitrogen Cat# AM2546

Dr. GenTLETM Precipitation Carrier TaKaRa Cat# 9094

Critical commercial assays

RNAprep Pure Plant Kit TIANGEN Cat# DP432

KAPA Stranded RNA-Seq Kit Roche Cat# KK8401

Deposited data

RNA-seq of WT,mrg1 mrg2, pif4, andmrg1

mrg2 pif4 at 22�C and 28�C
This study GEO：GSE213025

ChIP-seq of PPIF4::PIF4-HA/pif4 at 22�C
and 28�C

This study GEO：GSE242309

ChIP-seq of H3K9ac and H4K5ac inWT and

pif4 at 22�C and 28�C
This study GEO：GSE252996

Experimental models: Organisms/strains

Arabidopsis: Col-0 Bu et al., 201446 N/A

Arabidopsis: mrg1 Bu et al., 201446 N/A

Arabidopsis: mrg2 Bu et al., 201446 N/A

Arabidopsis: mrg1 mrg2 Bu et al., 201446 N/A

Arabidopsis: pif4-101 Lorrain et al., 200837 N/A

Arabidopsis: phyB-9 Xu et al., 201867 N/A

Arabidopsis: mrg1 mrg2 pif4-101 This study N/A

Arabidopsis: PPIF4::PIF4-HA/pif4 This study N/A

Arabidopsis: PMRG2::MRG2-Myc/mrg1

mrg2

This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Arabidopsis: PMRG2::MRG2-Myc/mrg1

mrg2 pif4-101

This study N/A

Arabidopsis: 35S::Flag-MRG2/Col-0 An et al., 202047 N/A

Arabidopsis: 35S::PIF4-HA/Col-0 This study N/A

Oligonucleotides

Primers are listed in Table S1 This study N/A

Recombinant DNA

PMRG2::MRG2-Myc This study N/A

PPIF4::PIF4-HA This study N/A

AD-PIF4 This study N/A

BD-MRG2 This study N/A

GST-PIF4 This study N/A

GST-PIF4-N1 This study N/A

GST-PIF4-N2 This study N/A

GST-PIF4-C1 This study N/A

GST-PIF4-C2 This study N/A

His-MRG2 Bu et al., 201446 N/A

GST-MRG1 This study N/A

GST-MRG2 This study N/A

His-PIF4 This study N/A

GST-phyB This study N/A

pCold-phyB This study N/A

MBP-phyB This study N/A

His-PIF7 This study N/A

MRG2-nYFP This study N/A

PIF4-cYFP This study N/A

PIF4-N1-cYFP This study N/A

PIF4-C2-cYFP This study N/A

35S::PIF4-HA This study N/A

35S::Flag-MRG2 An et al., 202047 N/A

nLuc-PIF4 This study N/A

cLuc-phyB This study N/A

phyB-Myc This study N/A

phyB-G111D This study N/A

cLuc-MRG2 This study N/A

Software and algorithms

Cutadapt (v.3.5) Martin, 201168 N/A

HISAT2 (v.2.2.1) Kim et al., 201569 N/A

SAMtools (v.1.13) Li et al., 200970 N/A

FeatureCounts (v.2.0.1) Liao et al., 201471 N/A

DESeq2 (v.1.32.0) Love et al., 201472 N/A

bamCoverage (v.3.5.1) Ramirez et al., 201673 N/A

IGV (v.2.11.2) Thorvaldsdottir et al., 201374 N/A

Bowtie2 (v.2.4.5) Langmead and Salzberg, 201275 N/A

MACS2 (v.2.2.7.1) Zhang et al., 200876 N/A

MAnorm (v.1.3.0) Shao et al., 201277 N/A

ChIPpeakAnno (v.3.28.1) Zhu et al., 201078 N/A

computeMatrix (v.3.5.1) Ramirez et al., 201673 N/A

plotHeatmap (v.3.5.1) Ramirez et al., 201673 N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Aiwu Dong

(aiwudong@fudan.edu.cn).

Materials availability
Plant materials and plasmids generated in this study will be available upon request. This study did not generate new unique reagents.

Data and code availability
d The RNA-seq data and ChIP-seq data are available online (https://www.ncbi.nlm.nih.gov/geo/; accession number:

GSE213025, GSE242309 and GSE252996).

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All Arabidopsis plants used in this study had the Columbia-0 genetic background. The mrg1 (SALK_057762), mrg2 (SK28487), and

pif4-101 (Garlic_114_G06) mutants were described previously.37,46 The 35S::Flag-MRG2/Col-0 transgenic lines were described

previously.47

To generate PPIF4::PIF4-HA/pif4, PMRG2::MRG2-Myc/mrg1 mrg2, and PMRG2::MRG2-Myc/mrg1 mrg2 pif4 plants, the PIF4 and

MRG2 genomic sequence was amplified by PCR using primers listed in Table S1. The amplified fragment was fused to the sequence

encoding HA and Myc, respectively, then inserted into the pCAMBIA1300 vector (Cambia). The pif4mutants were transformed with

the resulting recombinant plasmid containing the PPIF4::PIF4-HA construct. PMRG2::MRG2-Myc was used for transforming into the

mrg1 mrg2. The hypocotyl phenotype of mrg1 mrg2 was fully rescued by expressing MRG2 driven by MRG2 native promoters in

five independent lines. PMRG2::MRG2-Myc/mrg1 mrg2 #5-4 was selected for the following experiments. PMRG2::MRG2-Myc/mrg1

mrg2 pif4 was generated by crossing the PMRG2::MRG2-Myc/mrg1 mrg2 #5-4 plant with mrg1 mrg2 pif4 triple mutant.

To generate the 35S::PIF4-HA, the full-length PIF4 cDNA sequence with the HA epitope tag was amplified by PCR using specific

primers (Table S1) and then cloned into the pCAMBIA1300 vector to generate the 35S::PIF4-HA construct. The recombinant plas-

mids were inserted into WT Arabidopsis. The 35S::PIF4-HA/35S::Flag-MRG2 plants were generated via a hybridization.

METHOD DETAILS

Plant growth conditions
Seeds were surface-sterilized by immersing them in 70% ethanol containing 0.02% Tween 20 for 10 min and then in 96% ethanol

(three times for 5 min each). All seeds were placed on half-strength Murashige and Skoog (MS) medium (pH 5.7) solidified with

1% agar in plates. After a 2-day stratification at 4�C, the plates were transferred to a growth chamber and maintained under contin-

uous white light (55 mE m�2 s�1) at 22�C with 60% humidity. To measure the hypocotyl length, petiole length, and leaf hyponasty

response, seedlings were grown at 22�C for 4 days and then shifted to 28�C for 3 days (60% humidity, 55 mE m�2 s�1). Seedlings

grown at 22�C for 3 days served as the controls.

RNA-seq analysis
Seedlings were grown on half-strength MS solid medium under continuous white light at 22�C for 6 days. They were then incubated

for 3 h at 28�C (warm conditions) or 22�C (normal conditions). Total RNA was extracted from the seedlings using the RNAprep Pure

Plant Kit (Tiangen Biotech, Beijing, China). The RNA-seq libraries were constructed according to the instructions of the KAPA

Stranded mRNA-Seq Kit (Kapa Biosystems, United Kingdom) and then sequenced on the Illumina NovaSeq 6000 platform. Raw

reads were trimmed to remove the adapters and reads with a low sequencing quality score were eliminated using Cutadapt

(v.3.5).68 The retained high-quality reads were aligned to the Arabidopsis genome (TAIR10) using HISAT2 (v.2.2.1).69 SAMtools

(v.1.13) was used to obtain high-quality reads for mapping.70 FeatureCounts (v.2.0.1) was used to calculate the read count for

genes.71 DESeq2 (v.1.32.0) was used to detect significant DEGs according to the following criteria: p < 0.05 and fold-change

>1.5.72 Track files in the bigwig format were obtained using bamCoverage in deepTools (v.3.5.1)73 and then viewed using IGV

(v.2.11.2).74

ChIP-seq analysis
DNA fragments obtained from PIF4-HA, H3K9ac, and H4K5ac ChIP were used in library construction and sequencing.79 Cutadapt

(v.3.5) was used to eliminate both adapters and low-quality sequencing reads from the raw reads.68 The filtered reads were mapped

to Arabidopsis thaliana genome (TAIR10) using Bowtie2 (v.2.4.5).75 We then used SAMtools (v.1.13) to remove the PCR duplicates
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and the lowmapped quality reads.70 MACS2 (v.2.2.7.1) was used to find peaks (p value <0.05).76 MAnorm (v.1.3.0) was used to iden-

tify the differential peaks with the following thresholds: PIF4 ChIP-seq, p value <0.05, fold change >1.3; H3K9ac/H4K5ac ChIP-seq, p

value <0.05, fold change >1.2.77 Then, the peaks were annotated by using ChIPpeakAnno (v.3.28.1).78 bamCoverage (v.3.5.1) was

used to normalize the reads using RPKM, and computeMatrix (v.3.5.1) was used to calculate the enrichment signals.73 Heatmaps

were generated using the plotHeatmap (v.3.5.1).73

qRT-PCR analysis
Seedlings were grown on half-strength MS solid medium under continuous white light at 22�C for 6 days. The seedlings were then

treated at 28�C (warm conditions) or 22�C (normal conditions) for 3 h. The plants used for the three biological replicates were from

different plates but in the same growth chamber, and were harvested at the same time for RNA extraction. Total RNA was extracted

from the seedlings using TRIzol reagent according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). The RNA was

reverse transcribed using reverse transcriptase (Takara, Kusatsu, Shiga, Japan) according to the manufacturer’s protocol. The qRT-

PCR analysis was performed using specific primers (Table S1), with ACTIN2 as the reference gene for normalizing expression data.

Yeast two-hybrid assay
The full-length PIF4 and MRG2 cDNA sequences were cloned into the pGADT7 (AD-PIF4) and pGBKT7 (BD-MRG2) vectors using

specific primers (Table S1). The resulting recombinant plasmids were inserted into Y2HGold yeast cells according to the manufac-

turer’s instructions (WeidiBio, Shanghai, China). Protein-protein interactions were screened on synthetic defined medium lacking

tryptophan, leucine, and adenine (SD/�W/�L/�A).

GST pulldown assay
Full-length or truncated PIF4 cDNA sequences (PIF4-FL, PIF4-N1, PIF4-C1, PIF4-N2, and PIF4-C2) were amplified by PCR using

specific primers (Table S1) and then cloned into pGEX-6P-1. The pET28a-MRG2 recombinant plasmid was described previously.46

The recombinant plasmids were inserted into Rosetta (DE3) competent cells. Proteins were purified using a kit according to the man-

ufacturer’s recommendations (GE Healthcare, Chicago, IL, USA). For the GST pulldown assay, GST-tagged fusion proteins were

incubated with His-tagged fusion proteins for 2 h in GST binding buffer (13 PBS, 0.2% NP-40, and 1% BSA). Beads were washed

three times using wash buffer (20 mM Tris-HCl, pH 8.0, 500 mM NaCl, and 0.5% NP-40). The proteins that were pulled down were

examined in a western blot using an anti-His antibody (1:1,000 dilution) (GNI, GNI4110-HS).

Co-IP assay
Proteins were extracted from the 35S::PIF4-HA/35S::Flag-MRG2 transgenic plants grown under continuous white light at 22�C for

6 days. The Co-IP assaywas performed as described previously.46 The precipitated proteins were analyzed in awestern blot using an

anti-HA antibody (1:1,000 dilution) (Abcam, ab9110) and an anti-Flag antibody (1:2,000 dilution) (Sigma-Aldrich, F1804).

BiFC assay
Full-length or truncated PIF4 cDNA sequences and the full-length MRG2 cDNA sequence were amplified by PCR using specific

primers (Table S1) and cloned into the pXY103 and pXY104 vectors. Different combinations of recombinant plasmids were inserted

into Nicotiana benthamiana leaves via agroinfiltration. After 2 days, fluorescence was observed using the LSM 710 confocal laser

scanning microscope (ZEISS, Germany).

ChIP-qPCR assay
Seedlings were grown at 22�C for 6 days and then treated at 28�C (warm conditions) or 22�C (normal conditions) for 6 h before they

were harvested. The ChIP assays were performed as described previously, with a fewmodifications.79 Briefly, seedlings were cross-

linked for 15 min in fixative buffer (0.4 M sucrose, 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 1% formaldehyde, and 1 mM PMSF). The

plant sampleswere ground to a powder in liquid nitrogen and then suspended in 25mL lysis buffer [0.25M sucrose, 15mMPIPES, pH

6.8, 5 mM MgCl2, 60 mM KCl, 15 mM NaCl, 1 mM CaCl2, 0.9% Triton X-100, 1 mM PMSF, and a protease inhibitor cocktail tablet

(14696200; Roche, Basel, Switzerland)]. After extracting the nuclei and sonicating, the supernatant was incubated overnight at

4�C in antibody buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1% sodium deoxycholate, 1% Triton X-100, and a pro-

tease inhibitor cocktail tablet) containing one of the following antibodies: anti-H4K5ac (Sigma-Aldrich, 07–327), anti-H3K9ac (Abcam,

ab10812), anti-H3K36ac (Active Motif, 39379), anti-H3K4me3 (Abcam, ab8580), anti-H3K36me3 (Abcam, ab9050), anti-HA (Abcam,

ab9110), and anti-Myc (Abmart, M20002L). The samples were washed in the following solutions: low-salt buffer (150 mM NaCl,

20 mM Tris-HCl, pH 8.0, 0.2% SDS, 0.5% Triton X-100, and 2 mM EDTA), high-salt buffer (500 mM NaCl, 20 mM Tris-HCl, pH

8.0, 0.2% SDS, 0.5% Triton X-100, and 2 mM EDTA), lithium chloride wash buffer (0.25 M LiCl, 1% sodium deoxycholate, 10 mM

Tris-HCl, pH 8.0, 1% NP-40, and 1 mM EDTA), and TE buffer (10 mM Tris-HCl, pH 8.0 and 1 mM EDTA). After the elution and the

cross-linking reversal steps, the DNA was purified. The qRT-PCR analysis was performed using specific primers (Table S1), with

ACTIN2 serving as the control gene.
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Competitive protein binding assay
The phyB cDNA sequences were amplified by PCR using primers listed in Table S1 and then cloned into pGEX-4T-1 and pCold-TF for

the expression and purification of GST-phyB, and phyB proteins, individually. The methods for the protein purification and the in vitro

competitive binding assay were the same as the methods used in the GST pulldown assay section described above. Notably, for the

purification of phyB protein without tag, the tag was cleaved by Thrombin and dialyzed against buffer containing 20 mM Tris-HCl, pH

7.4 and 500 mM NaCl overnight at 20�C.80 For the competitive binding assay involving the 35S::Flag-MRG2/Col-0 plants, the sam-

ples were ground to a powder in liquid nitrogen and then suspended in lysis buffer (100 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM

EDTA, pH 8.0, 10% glycerol, 2 mM DTT, 0.5% Triton X-100, 10 mM Phycocyanobilin (PCB), and a protease inhibitor cocktail tablet).

The supernatant containing Flag-MRG2 proteins was incubated for 2–3 h with a prepared mixture comprising GST-phyB and His-

PIF4 in dark, followed by exposure to red light for 10 min. Notably, phyB is the active Pfr form with the addition of PCB and treated

with red light as previously described.81 After washing four timeswith lysis buffer, the proteins were separated in SDS-PAGE gels and

analyzed in a western blot using an anti-His antibody (GNI, GNI4110-HS), an anti-Flag antibody (Sigma-Aldrich, F1804), and an anti-

phyB antibody (PHYTOAB, PHY1733).

Spilt luciferase assay
The full-length of cDNA encoding PIF4 with HA epitope tag was fused with the DNA fragment encoding the N-terminal of the lucif-

erase to create the 35S::nLUC-PIF4-HA construct. Similarly, the 35S::cLUC-MRG2-Flag construct was created by fusing the full-

length cDNA encoding MRG2, along with a Flag epitope tag, with a DNA fragment encoding the C-terminal of luciferase. The

35S::cLUC-phyB construct was generated by fusing the DNA fragment encoding phyB with the C-terminal of luciferase. To create

the 35S::Flag-MRG2 and 35S::phyB-Myc constructs, the full-length cDNA of MRG2 and phyB were cloned into pCAMBIA1300.

phyBG111D-Myc was created by PCR using primers in Table S1. Different combinations of recombinant plasmids were inserted

into Nicotiana benthamiana leaves via agroinfiltration. To measure luciferase activity, we injected luciferin into the positions where

Agrobacterium was infiltrated. Subsequent luminescence imaging was performed using a CCD imaging system. To test the protein

levels, a western blot assay was performed using the following antibodies: anti-HA (Abmart, M20003M), anti-phyB (PHYTOAB,

PHY1733), anti-Flag (Abmart, M20008M), and anti-Myc (Abmart, M20002L).

Protein extraction and western blot assays
Seedlings were grown at 22�C for 6 days and then treated at 28�C (warm conditions) or 22�C (normal conditions) for 3, 6, and 12 h

before they were harvested. The plant samples were ground to a powder in liquid nitrogen and then suspended in 200 mL extraction

buffer (4% SDS and 50 mM Tris-HCl, pH 8.0). Samples were immediately boiled for 10 min, centrifuged at 14,000g for 10 min, sepa-

rated in SDS-PAGE gels, and analyzed in a western blot using anti-PIF4 (Abiocode, R2534-4), anti-phyB (PHYTOAB, PHY1733), anti-

H3 (Abcam, ab1791), and anti-ubiquitin (Beyotime, AF1705) antibodies.

QUANTIFICATION AND STATISTICAL ANALYSIS

The graphpad prism software (Version 8.0.1, http://www.graphpad-prism.cn/)was used to processed and analyzed the data by one-

way ANOVA, followed by Fisher’s LSD test (p < 0.05). Data were expressed asmean ± SD. The details about replicates and statistical

methods for various experiments were provided in the figure legends. The p value of less than 0.05 was considered to be statistically

significant (*p < 0.05 and ***p < 0.001).
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