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Shade avoidance syndrome (SAS) allows a plant grown in a densely populated environment to maximize opportunities to access
to sunlight. Although it is well established that SAS is accompanied by gene expression changes, the underlying molecular
mechanism needs to be elucidated. Here, we identify the H3K4me3/H3K36me3-binding proteins, Morf Related Gene (MRG)
group proteins MRG1 and MRG2, as positive regulators of shade-induced hypocotyl elongation in Arabidopsis (Arabidopsis
thaliana). MRG2 binds PHYTOCHROME-INTERACTING FACTOR7 (PIF7) and regulates the expression of several common
downstream target genes, including YUCCA8 and IAA19 involved in the auxin biosynthesis or response pathway and PRE1
involved in brassinosteroid regulation of cell elongation. In response to shade, PIF7 and MRG2 are enriched at the promoter and
gene-body regions and are necessary for increase of histone H4 and H3 acetylation to promote target gene expression. Our study
uncovers a mechanism in which the shade-responsive factor PIF7 recruits MRG1/MRG2 that binds H3K4me3/H3K36me3 and
brings histone-acetylases to induce histone acetylations to promote expression of shade responsive genes, providing thus a
molecular mechanistic link coupling the environmental light to epigenetic modification in regulation of hypocotyl elongation in
plant SAS.

Shade avoidance syndrome (SAS) occurs when plants
are constrained to the shade of neighbors. A classical
SAS phenotype includes elongation of hypocotyls,
stems, petioles, or internodes; hyponastic leaves; re-
duced leaf lamina size; enhanced apical dominance;
and/or early flowering (Casal, 2012; Ballaré and Pierik,
2017). Because of cultivable land limitation, crops are

planted at a high density in modern agriculture, and if
activated, SAS will decrease the crop yield (Carriedo
et al., 2016; Ballaré and Pierik, 2017). Thus, understanding
the mechanisms underlying SAS has prevalent impor-
tance for both natural ecosystem and agricultural breed-
ing interests.

Shade by plant leaves causes reduction of photo-
synthetically active radiation (radiation with wave-
lengths between 400 nm and 700 nm) as well as low
ratio of Red (R, 660 nm)/Far Red (FR, 730 nm) light and
Low Blue light (L; Casal, 2012). Studies in the model
plant Arabidopsis (Arabidopsis thaliana) have revealed
that the shade-caused reduction of R/FR is perceived
by the photoreceptor phytochromes, which physically
interact with a subfamily of basic helix-loop-helix
(bHLH) proteins, namely PHYTOCHROME INTER-
ACTING FACTORs (PIFs; Leivar and Quail, 2011). In
particular, PIF7 plays a major role in shade-induced
stem elongation. In response to shade, PIF7 accumu-
lates in its dephosphorylated form, which can subse-
quently bind and activate its target genes, including
PHYTOCHROME RAPIDLY REGULATED1 (PAR1)
and PACLOBUTRAZOL RESISTANCE1/BANQUO1
(PRE1/BNQ1) involved in BZR1-mediated brassinoste-
roid (BR) regulation of cell elongation, and several
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genes [e.g. INDOLE-3-ACETIC ACID INDUCIBLE19
(IAA19), INDOLE-3-ACETIC ACID-AMIDO SYNTHE-
TASE (GH3.3), FLAVIN MONOOXYGENASE8
(YUCCA8), and YUCCA9] involved in auxin biosyn-
thesis or response, to promote hypocotyl elongation (Li
et al., 2012; de Wit et al., 2015; Mizuno et al., 2015). In
addition, PIF4 and PIF5 also play regulatory roles in
SAS and more recent studies have unraveled their
function at downstream of Cryptochromes to mediate
Arabidopsis hypocotyl elongation in response to low
blue light (Lorrain et al., 2008; de Wit et al., 2016;
Pedmale et al., 2016).

Transcription factor binding to DNA and target gene
transcription are modulated through chromatin struc-
ture (Berr et al., 2011; van Lijsebettens and Grasser,
2014). Lys (K) acetylation neutralizes the positive
charge of the histone molecule, thereby decreasing the
histone interaction with the negatively charged DNA
molecule and transforming the condensed chromatin to
a more relaxed structure favorable for gene transcrip-
tion. Histone acetylation can occur at various K
residues and is dynamically regulated by histone
acetyltransferases (HATs) and histone deacetylases
(HDACs), two families of enzymes with antagonistic
activities in catalyzing acetylation and deacetylation,
respectively (Lusser et al., 2001; Liu et al., 2014; Shen
et al., 2015). The Arabidopsis HDAC-family member
HDA15 has been reported to interact with PIF3 to re-
press chlorophyll biosynthetic gene expression (Liu
et al., 2013) and with PIF1 to regulate seed germination
(Gu et al., 2017). A few other histone modifiers have
also been described to be involved in light-mediated
developmental processes, such as skotomorpho-
genesis and photomorphogenesis, in Arabidopsis
(Barneche et al., 2014). Yet, their roles in SAS remain
uncharacterized so far.

In contrast to the negative charge of an acetyl group,
a methyl group is neutral and histone methylation may
either repress or promote transcription depending on
the position of K residues on the histone. In general,
methylation on H3K9 or H3K27 is related to gene si-
lencing, whereas methylation on H3K4 or H3K36 is
associated with transcription activation (Berr et al.,
2011). Interestingly, recent studies demonstrate that the
Morf Related Gene (MRG) family proteins MRG1 and
MRG2 bind H3K4/H3K36 trimethylation (H3K4me3/
H3K36me3) and physically interact with the transcrip-
tion factor CONSTANS (CO; Bu et al., 2014) as well
as with the HAT-family proteins HAM1 and HAM2
(Xu et al., 2014), pointing to a mechanistic connection of
CO with histone methylation and acetylation in acti-
vation of Arabidopsis FLOWERING LOCUS T (FT)
transcription.

In this study, we show that PIF7 physically interacts
with MRG2 to promote histone acetylation in tran-
scription activation of shade-responsive genes. More
specifically, we found that loss of the Arabidopsis
MRG1 and MRG2 impairs shade-induced hypo-
cotyl elongation. PIF7 binds MRG2 and is required for
MRG2 recruitment at loci of the shade-responsive genes

(YUCCA8, IAA19, and PRE1), which is critical for in-
duction of histone acetylation and activation of tran-
scription. Our study extends previous knowledge and
provides, to our knowledge, novel insight about mo-
lecular mechanisms that link the transcription factor,
the reader of histone methylation, and chromatin struc-
ture reprogramming via histone acetylation in shade-
induced gene transcription.

RESULTS

MRG1/2 and PIF7 Positively Regulate Shade-Induced
Hypocotyl Elongation

To explore how shade-induced transcription is reg-
ulatedwithin the context of chromatin, we analyzed the
hypocotyl phenotype of several Arabidopsis mutants
defective in deposition or readingof histonemethylations
(Supplemental Table S1). Interestingly, the mrg1mrg2
double mutant displays a severe defective phenotype in
response to shade (Fig. 1, Supplemental Table S1). To
investigate whether MRG1 or MRG2 plays any specific
role in SAS, we examined the mrg1 and mrg2 single
mutants. In contrast to the mrg1mrg2 double mutant,
the mrg1 and mrg2 single mutants display a wild-type
phenotype, and moreover the transgene expression of
MRG2-YFP has fully rescued the defect of the mrg1mrg2
double mutant (Supplemental Fig. S1). These results im-
ply that MRG1 and MRG2 have redundant functions
and that their concomitant loss-of-function caused the
mrg1mrg2 mutant phenotype.

Hereinafter, we focused on the mrg1mrg2 double
mutant for detailed analyses. Under white light or dark
growth conditions, mrg1mrg2 shows similar hypocotyl
length as compared to the wild-type control Col-0. In
contrast, under shade, red light, far-red light, or blue
light growth conditions, mrg1mrg2 exhibits signifi-
cantly shorter hypocotyl as compared to Col-0 (Fig. 1,
Supplemental Fig. S2). The shade-response phenotype
of mrg1mrg2 prompted us to investigate its relation
with pif7-1. Thus, we combinedmrg1mrg2with pif7-1 to
generate the triple mutant pif7-1mrg1mrg2. Under
shade growth conditions, this triple mutant shows a
slightly shorter hypocotyl thanmrg1mrg2 and a roughly
similar length hypocotyl compared to pif7-1 (Fig. 1),
indicating that the function of MRG1/MRG2 on SAS
might be mediated by PIF7.

MRG1/2 and PIF7 Regulate Expression of
Shade-Responsive Genes

To gain an insight into themechanism underlying the
mutant shade-responsive phenotype, we examined the
expression of several shade-induced genes including
YUCCA8, PRE1, IAA19, YUCCA9, GH3.3, and PAR1.
All these genes were found down-regulated in pif7-1 as
well as in mrg1mrg2 when compared to Col-0 under
shade growth conditions (Fig. 2). Nevertheless, the re-
duction is less severe inmrg1mrg2 than in pif7-1. Further
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analysis revealed that pif7-1 is epistatic to mrg1mrg2
because the pif7-1mrg1mrg2 triple mutant and the pif7-1
mutant display similarly low expression levels of all the
analyzed genes (Fig. 2). This is consistent with the hy-
pocotyl phenotypes of these mutants.
One possible mechanism could be that MRG1/

MRG2modulates the expression of PIF7. However, this
assumption is precluded because transcript levels of
PIF7 as well as that of PIF1, PIF3 or PIF4 are similar
between Col-0 and mrg1mrg2 (Supplemental Fig. S3).
Moreover, the expression levels of MRG1 and MRG2
are also not affected in pif7-1 or by shade treatment
(Supplemental Fig. S3).

MRG2 Physically Interacts with PIF7

Next, we asked the question whether MRG2 binds
PIF7. Indeed, in yeast two-hybrid assays a positive in-
teraction between MRG2 and PIF7 was detected (Fig.
3A). An in vitro GST pull-down experiment further
confirmed physical interaction betweenMRG2 and PIF7.
His-MRG2 was precipitated by GST-PIF7 (full-length:
1 to 366 amino acids), GST-PIF7-N1 (N-terminal: 1 to
221 amino acids), GST-PIF7-N2 (1 to 163 amino acids),
or GST-PIF7-N4 (101 to 163 amino acids), but not by
GST, GST-PIF7-N3 (1 to 100 amino acids), GST-PIF7-C1
(C-terminal: 164 to 366 amino acids), or GST-PIF7-C2
(222 to 366 amino acids; Fig. 3B). The MRG2-binding
site is thus located at the 100-to-163 amino acid region
between the Active Phytochrome Binding (APB; Khanna
et al., 2004) and bHLH domains of PIF7. We further

examined the protein interaction in planta by bimolecular
fluorescence complementation (BiFC) assay. As shown in
Figure 3C, positive signals were detected specifically be-
tween MRG2-cYFP and PIF7-nYFP or PIF7-N4-nYFP in
transiently transformed Nicotiana benthamiana leaf cells.

It has been known that shade-regulated dephospho-
rylation of PIF7 is important for PIF7’s transcriptional
activity (Li et al., 2012). To test whether the interaction
betweenMRG2 and PIF7 is phosphorylation-dependent,
we prepared protein extracts from seedlings over-
expressing PIF7-Flash (9xMyc-6xHis-3xFlag, PIF7ox)
grown under either white light or shade conditions.
GST pull-down assay revealed that only dephosphory-
lated PIF7 was precipitated by GST-MRG2 (Fig. 3D).
A coimmunoprecipitation (Co-IP) experiment further
confirmed that the dephosphorylated PIF7 is precipi-
tated with MRG2 (Fig. 3E). These data indicate that
shade-dependent dephosphorylation status modulates
the interaction between MRG2 and PIF7.

MRG2 and PIF7 Bind Chromatin at
Shade-Responsive Genes

To examine PIF7 and MRG2 binding at target gene
loci, we performed chromatin immunoprecipitation
(ChIP) analyses. Consistent with previous knowledge
that PIFs bind at the G-box (CACGTG) cis-element
(Martínez-García et al., 2000; Moon et al., 2008;
Hornitschek et al., 2009; Kidokoro et al., 2009), we
found that in response to shade, PIF7-Flash is enriched
around theG-box site at the promoter region ofYUCCA8,

Figure 1. Quantification of hypocotyl length
and representative seedlings of Col-0, pif7-1,
mrg1mrg2, and pif7-1mrg1mrg2. Seedlings
were grown under white light for 4 d and
maintained in white light or transferred to
shade for next 3 d before the measurement of
hypocotyl length. The left y axis is the mean of
hypocotyl length from three biological repli-
cate measurements presented in Supplemental
Table S1, and the right y axis is the ratio of
hypocotyl lengths in shade to that inwhite light.
Error bars represent SE. Asterisks indicate where
the difference between Col-0 and mutant is
statistically significant (**P , 0.01).
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IAA19, and PRE1 (Fig. 4, A and B; Supplemental Fig. S4,
A B, E, and F). Using the anti-MRG2 antibody (Bu et al.,
2014), we found that in response to shade, MRG2 is
enriched downstream of the PIF7-binding region,
from starting through coding region of YUCCA8 (Fig.
4C). Examination of IAA19 and PRE1 gives similar
results, showing MRG2 binding downstream of PIF7
(Supplemental Fig. S4, C and G).

Similar to the MRG2-binding pattern, the H3K4me3
and H3K36me3 distribution is generally found at high
levels at the 59-end of the gene body (Zhang et al., 2009;
Li et al., 2015). To investigate the histone methylation
pattern in response to shade, we analyzed H3K4me3
and H3K36me3 levels at YUCCA8. Both H3K4me3 and
H3K36me3 were found enriched at 59-end and along
the gene body of YUCCA8 (Fig. 4, D and E), which
overlapsMRG2 binding regions (Fig. 4C) and thereby is
in agreement with MRG1/MRG2 acting as readers of
H3K4me3 and H3K36me3 (Bu et al., 2014; Xu et al.,
2014). Strikingly, significant difference was undetected
at either H3K4me3 levels (Fig. 4D) or H3K36me3 levels
(Fig. 4E) between white-light and 1-h-shade-treated
Col-0 seedlings, implying that shade-induced MRG2
enrichment is not mediated via H3K4me3 or H3K36me3
increase.

We further asked the question whether MRG2 re-
cruitment is dependent on H3K4me3/H3K36me3 and/
or PIF7. The H3K4-methyltransferase mutant atx1-2
(Pien et al., 2008) and the H3K36-methyltransferase
mutant sdg8-2 (Zhao et al., 2005; Xu et al., 2008)
showed aweak shade-responsive hypocotyl phenotype
(Supplemental Table S1) and slightly reduced level of
YUCCA8, IAA19, and PRE1 expression (Supplemental
Fig. S5). Comparison of MRG2 binding in Col-0 and
atx1-2 or sdg8-2 revealed that shade-induced MRG2
enrichment is slightly but significantly reduced at
YUCCA8 in the atx1-2 or sdg8-2 mutants (Fig. 4F),

implying that albeit not induced by shade, H3K4me3/
H3K36me3 at basal level still play a promoting role in
MRG2 recruitment. Interestingly, in pif7-1 shade-
induced MRG2 enrichment at YUCCA8 is severely at-
tenuated (Fig. 4F), indicating strong dependency of
MRG2 recruitment on PIF7. These essential conclusions
drawn from analyses at YUCCA8 also hold true from
analyses at PRE1 and IAA19 (Supplemental Fig. S4, D
and H).

PIF7/MRG2-Mediated Shade-Induction of Gene
Expression Is Associated with Histone Hyperacetylation

MRG2 interacts with HAM1/HAM2, which has been
proposed to bridge H3K36me3 to H4K5 acetylation
(H4K5ac) in transcription activation of FT in flowering
time control (Xu et al., 2014). To examine whether a
similar mechanism exists in shade response, we ana-
lyzed histone acetylation levels at YUCCA8. Indeed,
increased levels of H4K5ac were detected at several
regions of YUCCA8 after 1-h shade treatment as com-
pared to white light control in Col-0 (Fig. 5, A and B).
Beside HAM1/HAM2-mediated H4K5ac (Earley et al.,
2007; Xiao et al., 2013), several other K-residues of his-
tone H3 are also known as being subject to acetylation
modification. We further extend our analysis to exam-
ine H3K9, H3K14, H3K27, and H3K36 acetylation in
shade response. Interestingly, levels of H3K9ac and
H3K27ac but not H3K14ac nor H3K36ac were found
induced at YUCCA8 after 1-h shade treatment as com-
pared to white light control in Col-0 (Fig. 5, C to F).

To test whether the shade-induced H4K5ac accu-
mulation is dependent on MRG1/MRG2 and PIF7,
we compared H4K5ac levels at YUCCA8 in Col-0 and
the mrg1mrg2, pif7-1, and pif7-1mrg1mrg2 mutants.
As shown in Figure 5G, the shade-induced H4K5ac

Figure 2. Relative expression levels of
YUCCA8, PRE1, IAA19, YUCCA9, GH3.3,
and PAR1 in Col-0, pif7-1, mrg1mrg2, and
pif7-1mrg1mrg2 under white light or shade
treatment conditions. RNA prepared from
seedlings grown under white light for 4 d
and maintained in white light or transferred
to shade for 1 h. The expression levels were
normalized to the internal controlAT2G39960.
Error bars represent SE from three independent
biological replicates. Asterisks indicate where
thedifferencebetweenCol-0 andmutant under
shade is statistically significant (**P , 0.01).
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elevation is drastically reduced in mrg1mrg2 and is
completely lost in pif7-1 and pif7-1mrg1mrg2, indicating a
partial MRG1/MRG2 but full PIF7 dependency. Exam-
ination of H3K9ac at YUCCA8 revealed that its shade-
induced elevation is independent of MRG1/MRG2 but
partly dependent on PIF7 (Supplemental Fig. S6).
Taken together, our results indicate that PIF7 recruits

MRG2-HATs, most likely including HAM1/HAM2 in
H4K5ac deposition, and other HATs in H3K9ac and
H3K27ac deposition, to induce transcription of shade-
responsive genes.

DISCUSSION

Although much had been learned from both the input
pathway perceiving shade and multiple output path-
ways involving phytohormone production/signaling in
SAS (Casal, 2012; Carriedo et al., 2016; Ballaré and Pierik,
2017), how transcription of multiple genes is coordi-
nately induced within the chromatin context in re-
sponse to shade had been largely obscure. Our current
study demonstrates that PIF7 recruits the H3K4me3/
H3K36me3-reader MRG2 (possibly also MRG1 because

Figure 3. PIF7 interacts with MRG2. A, PIF7 interacts with MRG2 in yeast two-hybrid assay. Each yeast strain containing the
pGADT7 or pGADT7-PIF7 together with pGBKT7 or pGBKT7-MRG2 was grown on SD-L-Tor SD-L-T-H plates. Yeast growth on
SD-L-T-H indicates positive protein-protein interaction. B, PIF7 binds MRG2 in pull-down assay. Top panel, schematic repre-
sentation of full-length and truncated PIF7 protein. The conserved domains APB and bHLH are indicated as red and black box,
respectively. Bottom panel, interaction of purifiedHis-taggedMRG2, andGST-fused different length of PIF7 from Escherichia coli
by GST pull-down assays. Western-blot signals detected by the anti-His antibody together with Coomassie Brilliant Blue R250-
stained proteins on the SDS-PAGE gel are shown. The positions of GST-PIF7, GST-PIF7-N1, GST-PIF7-N2, GST-PIF7-N3, GST-
PIF7-N4, GST-PIF7-C1, GST-PIF7-C2, and GST are indicated by asterisks. C, BiFC analysis of the interaction between PIF7 and
MRG2 in tobacco leaf cells. The C-terminal half of YFP was fused to MRG2, and the N-terminal half of YFP was fused to the full
length of PIF7 or PIF7-N4. The constructs were cotransformed into tobacco leaf cells, and fluorescence images were obtained by
confocal microscopy. White scale bar is 100 mm. D, The interaction between purified GST-fused MRG2 from E. coli and total
protein extracts from plants overexpressing PIF7-Flash grown under white light condition or treated by 1-h shade by semi-in vivo
GST pull-down assay. (Top panel) The pull-down fractions and inputs were analyzed by western blot using anti-MYC antibody.
(Bottom panel) Ponceau S staining is shown. E, Co-IPanalysis of the interaction between PIF7 and MRG2. Anti-MRG2 Sepharose
beads were used to precipitate PIF7-Flash from PIF7ox plants grown under white light or treated by 1-h shade. Western blot was
performed using anti-MRG2 and anti-MYC antibodies, as indicated. AD, pGADT7; AD-PIF7, pGADT7-PIF7; BD, pGBKT7;
BD-MRG2, pGBKT7-MRG2; PIF7-FL, full-length PIF7.
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Figure 4. MRG2 and PIF7 bind chromatin at shade-responsive genes. A, Schematic of YUCCA8 gene structure. Black box
represents the coding region, white boxes represent untranslated regions, and lines represent the promoter. The G-box elements
within gene promoter are indicated. Bars underlabeled with numbers represent regions amplified by PCR. B, ChIP-PCR analyses
using anti-MYC antibody at various chromatin regions of YUCCA8 in PIF7ox seedlings grown under white light and shade
conditions. C, ChIP-PCR analyses using anti-MRG2 antibody at YUCCA8 chromatin in Col-0 seedlings grown under white light
and shade conditions. D and E, ChIP-PCR analyses of H3K4me3 (D) andH3K36me3 (E) at YUCCA8 chromatin using Col-0 grown
under white light and shade. F, ChIP-PCR analyses using anti-MRG2 antibody at YUCCA8 chromatin in the pif7-1, atx1-2, and
sdg8-2mutants as compared to Col-0 grown under white light and shade conditions. Seedlings were grown under white light for
4 d andmaintained inwhite light or transferred to shade for 1 h ChIPand quantitative real-time PCRwere performed using specific
antibodies and gene primers, as indicated. A region of AT2G39960 served as an internal control and was used in normalization.
Error bars represent SE from three independent biological replicates. Asterisks in (B), (C), (D), and (E) indicatewhere the differences
between white light and shade are statistically significant, and those in (F) indicate that the differences between two genotypes
under shade are statistically significant (*P , 0.05, **P , 0.01). Ref, internal control.
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of their high sequence homology) to promote histone
acetylations in transcription induction, providing a cru-
cial mechanistic link to couple shade perception to epi-
genetic regulation of gene transcription in plant SAS
(Fig. 6).
This proposed mechanistic model is based on numer-

ous points of evidence: (1) PIF7 and MRG2 physically
interact in vitro and in vivo; (2) PIF7 is dephosphorylated
(Li et al., 2012) when plants are exposed to shade, and it is
this shade-induced PIF7 form that binds MRG2; (3) both
pif7-1 andmrg1mrg2mutants display impaired hypocotyl
elongation and reduced expression levels of a common set
of shade-responsive genes under shade treatment; (4) pif7-
1 is epistatic to mrg1mrg2 in both hypocotyl elongation
and gene expression regulation; (5) PIF7 recognizes the
G-box in the promoter (Li et al., 2012) and binds chro-
matin around it, whereas MRG2 binds H3K4me3/
H3K36me3 (Bu et al., 2014; Xu et al., 2014) and is enriched
togetherwithH3K4me3/H3K36me3 at the 59-end of gene

body; (6) shade-induced binding ofMRG2 at chromatin is
PIF7-dependent and is enhanced by basal level of
H3K4me3/H3K36me3; (7) H4K5ac/H3K9ac/H3K27ac
are inducedunder shade treatment, althoughH3K4me3/
H3K36me3 levels remain unchanged; and (8) MRG2
physically interacts with the H4K5-acetyltransferase
HAM1/HAM2 (Xu et al., 2014), and a consistently
shade-induced H4K5ac elevation is dependent on PIF7
and MRG1/MRG2.

In contrast to stable PIF7, most other PIFs including
PIF1, PIF3, PIF4, and PIF5 are subject to light-induced
phosphorylation and degradation via the ubiquitin-
proteasome system (Leivar and Quail, 2011). Albeit
responding to the shade signal, the quartet mutant pifq
(deprived of PIF1, PIF3, PIF4, and PIF5) showed shorter
hypocotyls than the wild-type control under all tested
conditions including white light and dark (Leivar et al.,
2012a, 2012b). This differs from pif7-1 and mrg1mrg2,
which display shorter hypocotyls than Col-0 under

Figure 5. Histone acetylation modification
at YUCCA8 chromatin. A, Schematic of
YUCCA8 gene structure. B to F, ChIP-PCR
analyses of H4K5ac (B), H3K9ac (C),
H3K14ac (D), H3K27ac (E), and H3K36ac
(F) at various chromatin regions of YUCCA8
in Col-0 grown under white light and shade
conditions. Asterisks indicate where the
difference between white light and shade is
statistically significant (*P , 0.05, **P ,
0.01). G, ChIP-PCR analyses of H4K5ac at
YUCCA8 chromatin in Col-0, mrg1mrg2,
pif7-1, and pif7-1mrg1mrg2 grown under
white light and shade. Asterisks indicate
where the difference betweenwild type and
mutant under shade is statistically signifi-
cant (*P , 0.05, **P , 0.01). Seedlings
were grown under white light for 4 d and
maintained in white light or transferred to
shade for 1 h ChIPandquantitative real-time
PCR were performed using specific anti-
bodies and gene primers, as indicated. A
region of AT2G39960 served as an internal
control and used in normalization. Error
bars represent SE from three independent
biological replicates. Ref, internal control.
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shade but not under white light or dark growth con-
ditions. In general, PIF1 is primarily involved in seed
germination regulation; only PIF3/PIF4/PIF5 play
some redundant roles in shade-response of hypocotyl
elongation (Lorrain et al., 2008; Leivar et al., 2012a,
2012b), likely by regulating downstream target genes
independently in an additive manner from the more
prominent PIF7 function (Li et al., 2012; de Wit et al.,
2015; Mizuno et al., 2015). Nevertheless, PIF7 can form
not only homodimers but also heterodimers with PIF4,
and also possibly with other PIFs (Kidokoro et al.,
2009). Thus, this proposed model, based primarily on
PIF7, will likely be extendable to include additional
PIFs.

MRG1/MRG2 also can form homodimers and het-
erodimers (Liu et al., 2016). The tethered PIF-MRG
multiprotein complex may contribute to function to-
gether for the PIF-binding and MRG-binding sites that
are separated with variable distances among different
target genes. In line with this idea, for all three exam-
ined genes, PIF7 was found enriched at the chromatin
region around the G-box within the promoter and
MRG2 was found at the 59-end of the gene body, two
regions that are located closely in the case of IAA19 but
much more distantly in the case of YUCCA8 and PRE1.
YUCCA8 and IAA19 are important regulators involved

in auxin biosynthesis and response (Zhao, 2014; Leyser,
2017), and PRE1 is implicated in BR signaling (Clouse,
2011)—twomajor types of hormones combined to act in
SAS (Keuskamp et al., 2011). Thus, the PIF7-MRG2
module constitutes a crucial step linking shade re-
sponse to output of hormonal regulation of cell growth.

In agreement withMRG1/MRG2 acting as readers of
H3K4me3 and H3K36me3 (Bu et al., 2014; Xu et al.,
2014), the MRG2-bound but not the PIF7-bound chro-
matin regions at shade-responsive genes are covered
by high levels of H3K4me3 and H3K36me3. The
H3K4me3/H3K36me3 levels at YUCCA8 are un-
changed upon shade treatment. Shade-induced MRG2
enrichment at YUCCA8 is primarily mediated by PIF7.
Nevertheless, the atx1-2 and sdg8-2 mutants, in which
H3K4me3 and H3K36me3 deposition is respectively
impaired (Zhao et al., 2005; Pien et al., 2008; Xu et al.,
2008), exhibit reduction of MRG2 recruitment and hy-
pocotyl elongation, supporting a role of basal level of
H3K4me3/H3K36me3 in shade response. Basal levels
of H3K4me3/H3K36me3 likely build a poised chro-
matin state advantageous for target genes to rapidly
respond to shade. Both atx1-2 and sdg8-2 are hypostatic
to mrg1mrg2 (Supplemental Table S1), implying that
MRG1/MRG2 read H3K4me3/H3K36me3 to effect
downstream transcription events in response to shade.

Histone acetylation is generally well known to be
associatedwith active transcription (Lusser et al., 2001).
In response to shade, levels of H4K5ac, H3K9ac, and
H3K27ac but not H3K14ac nor H3K36ac were found
increased at YUCCA8. The H4K5ac increase is posi-
tively coregulated by PIF7 and MRG1/MRG2. Because
MRG1/MRG2 physically interact with HAM1/HAM2
(Xu et al., 2014), two homologous HATs specifically
catalyzing H4K5 acetylation (Earley et al., 2007), our
findings strongly support that the transcription factor
PIF7, the H3K4me3/H3K36me3-reader MRG1/MRG2
and the H4K5ac-effector HAM1/HAM2, together form
a mechanistic module in induction of shade-responsive
genes. Similarly, the transcription factors CO, MRG1/
MRG2, andHAM1/HAM2 likely also form amodule in
promoting FT transcription and plant flowering (Bu
et al., 2014; Xu et al., 2014), albeit it is remaining to be
verified whether CO is required for H4K5ac deposition.
Because the ham1ham2 mutant is lethal (Latrasse et al.,
2008), direct examination of function of H4K5ac depo-
sition by HAM1/HAM2 in either the PIF7-MRG1/
MRG2 or CO-MRG1/MRG2 module has not been
performed so far. Differing from H4K5ac, H3K9ac
responded to shade induction in only a PIF7-dependent
but not a MRG1/MRG2-dependent manner. H3K9
acetylation as well as H3K27 acetylation had already
been reported to be associated with expression of light-
responsive genes in previous studies (Barneche et al.,
2014). Several HATs, including the most extensively
studied one, GENERAL CONTROL NONDEREPRE-
SSIBLE5 (Benhamed et al., 2006; Barneche et al., 2014),
and the broad-specificity ones, such as HAC1/HAC5/
HAC12 (Earley et al., 2007), are capable of catalyzing
H3K9/H3K27 acetylation. Future work will be required

Figure 6. Model for PIF7 and MRGs in regulating the shade-induced
hypocotyl elongation. Under shade, the transcription factor PIF7 is
getting dephosphorylated and subsequently binds to the cis-element
G-box of a target gene (e.g. YUCCA8, PRE1, or IAA19). Physical inter-
actions between PIF7 and the H3K4me/H3K36me-reader MRG as well
as betweenMRG and a histone-acetyltransferase HAT lead to formation
of amultiprotein complex to acetylate nucleosomal histones to promote
the target gene transcription within chromatin.
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to identify precisely which HAT(s) is (are) involved and
through which mechanism PIF7 recruits it (them), in-
dependently of MRG1/MRG2, to shade-responsive
genes in H3K9/H3K27 acetylation.
Lastly, it is worth pointing out that PIF7 has a re-

pressive role in transcription of DRE-Binding1 and
C-repeat Binding Factor genes (Kidokoro et al., 2009;
Lee and Thomashow, 2012). Evidence from yeast and
animals shows that MRG proteins interact with both
HAT and HDAC (Eisen et al., 2001; Pardo et al., 2002;
Carrozza et al., 2005), and Arabidopsis PIF3 associates
withHDA15 in repression of chlorophyll biosynthesis and
photosynthesis genes (Liu et al., 2013) whereas PIF1 as-
sociates with HDA15 in repression of seed germination
genes (Gu et al., 2017). Together, it is emerging that PIF
transcription factors could recruit diverse chromatin
modulators for transcriptional activation or repression,
likely in agene-context-dependentmanner, to enable plant
effectively responding to environmental shade or light.

MATERIALS AND METHODS

Plant Material and Growth Conditions

All Arabidopsis (Arabidopsis thaliana) plants used in this study were of the
Columbia-0 ecotype. The mutants used in this study have been described
previously: pif7-1 (Li et al., 2012), mrg1mrg2, MRG2-YFP/mrg1mrg2, and
pMRG2::MRG2-GUS (Bu et al., 2014), atx1-2 (Pien et al., 2008), sdg8-2 (Zhao
et al., 2005; Xu et al., 2008), and PIF7-Flash (PIF7ox; Li et al., 2012). For the
phenotypic analysis, seeds were germinated on 1/2 Murashige & Skoog me-
dium (Duchefa Biochemie) plates with 1% (w/v)agar (Sangon) and without
Suc. After stratification, the plates were incubated in growth chambers under
continuous LEDwhite light for 4 d, then the plates were either left in white light
(R: approximately 25 mE3m22 3 s1, B: approximately 27 mE3m22 3 s21, FR:
approximately 5 mE 3 m22 3 s21) or transferred to simulated shade (R: ap-
proximately 25 mE 3 m22 3 s21, B: approximately 27 mE 3 m22 3 s21, FR:
approximately 35mE3m223 s21) for 3 d before hypocotyl measurementswere
made. For single light treatment, the plates were either left in Dark or Red
(approximately 10mE3m223 s21), Far-Red (approximately 2mE3m223 s21),
and Blue light (approximately 40 mE 3 m22 3 s21) for 4 d.

Quantitative RT-PCR Analysis

RNA was extracted from Arabidopsis seedlings as described in Oñate-
Sánchez and Vicente-Carbajosa (2008). Reverse transcription was performed
using Superscript III reverse transcriptase (Invitrogen). Relative levels of cDNA
were quantified with SYBR-Green I master mix in the LightCycler 480-2
according to the manufacturer’s instructions (Roche). All primer sequences are
listed in Supplemental Table S2. cDNA levels were normalized to internal
reference genes AT2G39960 that are transcriptionally stable after shade treat-
ment (Tao et al., 2008).

Yeast Two-Hybrid Assay

For yeast two-hybrid assay, full length of the PIF7-coding sequence was
cloned into pGADT7 (AD-PIF7) and that ofMRG2was cloned into pGBKT7 (BD-
MRG2). Positive protein-protein interaction was tested by growth on SD me-
diumwithout Leu, Trp, andHis (SD-L-T-H), and transformationwas verified by
growth on SD-L-T, using the yeast strainAH109 according to themanufacturer’s
manual (Clontech).

GST Pull-Down Assays

Full-length PIF7 cDNA, truncated PIF7-N1 (1 to 221 amino acids), PIF7-N2
(1 to 163 amino acids), PIF7-N3 (1 to 100 amino acids), PIF7-N4 (101 to
163 amino acids), PIF7-C1 (164 to 366 amino acids), and PIF7-C2 (222 to

366 amino acids) were cloned into BamHI and EcoRI sites of pGEX-6P-1. The
pET-28a-MRG2 construct have been previously described (Bu et al., 2014).
His-MRG2 protein was incubated with pretreated GST-PIF7 bead for 2 h. GST
was used as a negative control. Beads were resuspended with SDS-PAGE
loading buffer and analyzed by SDS-PAGE and immunoblotting using
anti-His antibody.

In a semi-in vivo pull-down assay, total protein was extracted from PIF7ox
plants grown induplicate underwhite light for 4dand then one of theduplicates
was treated with shade for 1 h and the other of duplicate was maintained under
white light for an additional hour. MRG2 cDNA were cloned into BamHI and
EcoRI sites of pGEX-6P-1 expression vector. Plant materials were ground with
liquid N and resuspended in extraction buffer [100 mM Tris-HCl (pH 7.5),
300mMNaCl, 2mM EDTA, 1%Trion X-100, 10% glycerol, and protease inhibitor
cocktail]. Protein extracts were centrifuged at 20,000g for 10 min, and the
resulting supernatant was incubated with pretreated GST-MRG2 beads for 2 h.
GST was used as a negative control. Beads were resuspended with SDS-PAGE
loading buffer and analyzed by SDS-PAGE and immunoblotting using anti-
Myc antibody (9E10; Covance).

Co-IP Assay

Total protein extractswere prepared fromCol-0 and PIF7ox seedlings grown
inwhite light for 4 d and then transferred to shade for 1 h or kept inwhite light.A
Co-IP assay was performed as described in Molitor et al., (2014). IP was per-
formed using anti-MRG2 agarose beads. Input and IP-resulted fractions were
analyzed on western blot using anti-MYC and anti-MRG2 antibodies. The
polyclonal antibody against MRG2 was produced by Abmart (Bu et al., 2014).

ChIP-PCR

ChIP-PCR was performed as in Li et al. (2012) and Bu et al. (2014). Whole
seedlings were grown in duplicate under white light for 4 d, then one of the
duplicates was treated with shade for 1 h and the other duplicate was main-
tained under white light for an additional hour. They were harvested and cross
linked for 15 min under vacuum in a cross-linking buffer (extraction buffer
1 with 1% formaldehyde). Cross linking was quenched in 125 mM Gly, pH 8.0,
under vacuum for 5 min, and then seedlings were washed three times in
double-distilled water and rapidly frozen. Bioruptor was used at high power
with 30-s-on/30-s-off cycles for fifteen times until the average chromatin size
was approximately 300 bp. Antibodies used in this study were anti-MYC af-
finity gel (E6654; Sigma-Aldrich), antitrimethyl-H3K4 (07-473; Millipore),
antitrimethyl-H3K36 (ab9050; Abcam), antitrimethyl-H3K27 (07-449; Milli-
pore), antiacetylation-H3K9 (ab4441; Abcam), antiacetylation-H3K14 (ab8201;
Abcam), antiacetylation-H3K27 (ab4729; Abcam), antiacetylation-H3K36 (39379;
Active Motif), and antiacetylation-H4K5 (39699; Active Motif). Quantitative real-
time PCR was performed with a kit from Takara to determine the enrichment of
DNA immunoprecipitated in the ChIP experiments, using the gene-specific
primers listed in Supplemental Table S2. To facilitate comparisons, fold-change
values were obtained from the enrichment data, expressed as % Input, by using
AT2G39960 as an internal reference gene (Tao et al., 2008; Li et al., 2012).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers PIF7, AT5G61270; MRG1, AT4G37280; MRG2,
AT1G02740; SDG8, AT1G77300; ATX1, AT1G66240; YUCCA8, AT4G28720;
YUCCA9,AT1G04180; PRE1,AT5G39860; IAA19,AT3G15540;GH3.3,AT2G23170;
PAR1, AT2G42870.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Quantification of hypocotyl length and represen-
tative seedlings of Col-0, mrg1, mrg2, mrg1mrg2, and MRG2-YFP/
mrg1mrg2.

Supplemental Figure S2. Hypocotyl lengths of Col-0 and mrg1mrg2 seed-
lings grown in Dark, Red, Far-Red or Blue light.

Supplemental Figure S3. Relative gene expression of PIFs in mrg1mrg2 and
the expression of MRG1/2 in pif7-1 under white and shade.
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Supplemental Figure S4. PIF7 and MRG2 binding at IAA19 and PRE1
chromatin.

Supplemental Figure S5. Relative expression levels of YUCCA8, PRE1, and
IAA19 in Col-0, mrg1mrg2, atx1-2, and sdg8-2 under white light or shade
treatment conditions.

Supplemental Figure S6. Comparison of H3K9ac levels at YUCCA8 in
Col-0, mrg1mrg2, pif7-1, and pif7-1mrg1mrg2 grown under white light
and shade.

Supplemental Table S1. Analysis of hypocotyl length of wild-type (Col-0)
and different mutants under white light or shade growth conditions.

Supplemental Table S2. Primers used in this study.
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