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Manuel Pi~neiro 1,*,‡
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Abstract
Plants react to environmental challenges by integrating external cues with endogenous signals to optimize survival and reproduc-
tive success. However, the mechanisms underlying this integration remain obscure. While stress conditions are known to impact
plant development, how developmental transitions influence responses to adverse conditions has not been addressed. Here, we
reveal a molecular mechanism of stress response attenuation during the onset of flowering in Arabidopsis (Arabidopsis thaliana).
We show that Arabidopsis MORF-RELATED GENE (MRG) proteins, components of the NuA4 histone acetyltransferase complex
that bind trimethylated-lysine 36 in histone H3 (H3K36me3), function as a chromatin switch on the floral integrator SUPPRESSOR
OF OVEREXPRESSION OF CONSTANS 1 (SOC1) to coordinate flowering initiation with plant responsiveness to hostile environ-
ments. MRG proteins are required to activate SOC1 expression during flowering induction by promoting histone H4 acetylation.
In turn, SOC1 represses a broad array of genes that mediate abiotic stress responses. We propose that during the transition from
vegetative to reproductive growth, the MRG-SOC1 module constitutes a central hub in a mechanism that tunes down stress
responses to enhance the reproductive success and plant fitness at the expense of costly efforts for adaptation to challenging
environments.

Introduction
Plants often face unfavorable environmental conditions
through their life cycle. To cope with them, plants have
evolved to acquire complex mechanisms that either
ameliorate the damaging effects of stress and increase
tolerance or accelerate their life cycle leading to an early

reproductive phase, the latter, a response frequently
known as stress escape. Stress perception and response
involve intricate signaling networks that often entail
substantial transcriptomic rearrangements (Asensi-
Fabado et al., 2017; Haak et al., 2017; Baurle and
Trindade, 2020). A paradigmatic example is the cold
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acclimation response of temperate plants, where low
nonfreezing temperature serves as an environmental cue
for gene expression reprogramming to increase freezing
tolerance (Barrero-Gil and Salinas, 2018). The C-REPEAT/
DEHYDRATION-RESPONSIVE ELEMENT BINDING
FACTORS (CBFs) 1–3 and the plant hormone abscisic
acid (ABA) play key roles in this process (Eremina et al.,
2016; Barrero-Gil and Salinas, 2018; Shi et al., 2018).
Similar extensive transcriptomic adjustments also medi-
ated by ABA signaling pathways (Harb et al., 2010) have
been reported in response to drought. In addition, adap-
tation to suboptimal environments requires that plants
also integrate external factors with endogenous cues to
optimize developmental processes such as the floral
transition. In this context, ABA accumulation triggered
by mild drought conditions that compromise growth
but not survival induce the expression of the floral inte-
grator SUPPRESSOR OF OVEREXPRESSION OF CONSTANS
1 (SOC1), accelerating flowering in response to drought
escape (Riboni et al., 2013). Remarkably, SOC1 is also
part of a cross-talk signaling pathway that negatively
regulates cold response by inhibiting CBF expression
(Seo et al., 2009).

Changes in the organization of chromatin and histone mod-
ifications are considered the interphase through which the en-
vironment interacts with the genome to promote alterations
in gene expression (Lamke and Baurle, 2017; Chang et al.,
2020). Acetylation on particular histone lysine (K) residues is
reversibly controlled by both histone acetyltransferases (HATs)
and histone deacetylases (Lee and Workman, 2007), and is es-
sential for the regulation of gene expression in response to en-
vironmental stresses (Liu et al., 2016; Luo et al., 2017; Jiang et
al., 2020). Histone modifications are recognized by “reader”
proteins that contribute to modulate chromatin dynamics
and to translate chromatin features into specific patterns of
gene expression (Musselman et al., 2012). In Arabidopsis
(Arabidopsis thaliana), for example, trimethylation of lysine 36
in histone H3 (H3K36me3) is recognized by two homolog pro-
teins named MORF-RELATED GENE 1 (MRG1) and MRG2
(Bu et al., 2014; Xu et al., 2014). These proteins are compo-
nents of the Nucleosome Acetyl transferase of histone H4
(NuA4) HAT complex (Espinosa-Cores et al., 2020), and re-
dundantly modulate the expression of the key floral integrator
FLOWERING LOCUS T (FT) gene (Bu et al., 2014; Xu et al.,
2014; Guo et al., 2020). However, the contribution of chroma-
tin remodeling processes, and specifically MRG proteins, to
the integration of stress adaptation with plant developmental
progression remains virtually unknown. Here, we reveal an
MRG-mediated chromatin mechanism that acts on the mas-
ter flowering gene SOC1 (Samach et al., 2000) to modulate
abiotic stress responses depending on the developmental sig-
nals. Our data suggest that this MRG-SOC1 regulatory module
attenuates the responsiveness of Arabidopsis plants to various
stresses during the onset of flowering for optimal integration
of development and adaptation to adverse environments.

Results

MRG proteins are required for the SOC1-dependent
downregulation of abiotic stress-responsive genes
To address the involvement of Arabidopsis MRG proteins
on the regulation of gene expression and other physiological
processes, we used two uncharacterized MRG mutant alleles,
mrg1-2 and mrg2-4 (Supplemental Figure S1, A and B).
Confirming previous observations (Bu et al., 2014; Xu et al.,
2014; An et al., 2020; Guo et al., 2020), the floral integrator
genes FT and SOC1 were downregulated in mrg1-2 mrg2-4
double mutant plants (Supplemental Figure S1C), corrobo-
rating the role of MRGs in fine-tuning flowering responses
specifically under long-day (LD) conditions (Supplemental
Figure S1, D and E). Our genetic analysis showed that ft
mutations cause a modest, but significant, delay in the flow-
ering time of mrg1 mrg2 plants, whereas the combination of
soc1 mutations with mrg1 mrg2 clearly enhances the late-
flowering phenotype of the double mutant (Figure 1). These
results show that the delay in flowering observed in mrg1
mrg2 double mutant plants does not depend on a single flo-
ral integrator, suggesting that MRG genes influence flowering
through the activity of both floral integrators. Furthermore,
MRG function in the control of the floral transition shows a
strong requirement on H3K36me3, a modification mediated
by the histone methyl transferase SET DOMAIN GROUP 8
(SDG8) (Soppe et al., 1999; Zhao et al., 2005), since sdg8
mutants fully suppress the late-flowering phenotype of mrg1
mrg2 mutant plants (Supplemental Figure S2). These results
are in line with the current model concerning the involve-
ment of MRG proteins in the regulation of floral transition
(Bu et al., 2014; Xu et al., 2014; An et al., 2020; Guo et al.,
2020).

Next, we performed a transcriptomic analysis on
plants grown under LD photoperiod during the floral
transition to examine the implication of Arabidopsis
MRG proteins in the regulation of gene expression. We
identified 552 differentially expressed genes (DEGs) in
the mrg1 mrg2 double mutant, of which 516 were in-
duced and 21 were repressed (Supplemental Table S1).
Gene ontology (GO) term enrichment analysis revealed
an over-representation of terms related to abiotic stress
responses, including water deprivation, salt stress, and
hypoxia among upregulated genes (Figure 2A;
Supplemental Table S2). Intriguingly, among the genes
induced in the mrg1 mrg2 double mutant, we found a
significant enrichment in direct targets of SOC1 (Figure
2B). Indeed, SOC1 has been reported as a direct repres-
sor of CBF genes that regulate the tolerance to freezing
temperatures (Seo et al., 2009), and a number of addi-
tional abiotic stress response mediators (Immink et al.,
2012; Tao et al., 2012). Besides, a significantly high num-
ber of SOC1- and CBF-dependent genes were found dif-
ferentially upregulated in mrg1 mrg2 plants (Figure 2, C
and D). Independent reverse transcription quantitative
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PCR (RT-qPCR) expression analyses confirmed the upre-
gulation of several direct targets of SOC1, including
CBF2, WRKY33, RAV1, and RAV2 (Immink et al., 2012;
Tao et al., 2012) as well as different genes related to abi-
otic stress responses such as ZAT10, SZF1, ABA2, and
COR15A in mrg1 mrg2 plants (Figure 2E). Interestingly,
the expression level for these genes in the mrg1 mrg2
soc1 triple mutant is comparable to that observed in ei-
ther mrg1 mrg2 or soc1 mutant plants, revealing no
marked enhancement of expression upon the concurrent
loss of function of these genes (Figure 2E). The absence
of additive effects in the mrg1 mrg2 soc1 triple mutant
supports that MRG genes and SOC1 function in the
same genetic pathway to control the expression of abi-
otic stress-responsive genes, although we cannot rule
out that SOC1 could also perform MRG-independent
roles in the control of these genes.

MRG2 protein binds SOC1 chromatin and promotes
H4 acetylation deposition in this locus during the
floral transition
MRG proteins promote both FT and SOC1 expression
(Supplemental Figure S1C), and at least MRG2 associates
with the transcription factor CONSTANS (CO) leading to
the binding of FT chromatin and its transcriptional activa-
tion under photoperiodic flowering-inducing conditions (Bu
et al., 2014). Since FT is an activator of SOC1 expression dur-
ing the floral transition (Yoo et al., 2005), it is tempting to
speculate that the decreased FT expression caused by the
loss of MRG function might be responsible for the reduced
activation of SOC1 expression in mrg1 mrg2 plants.
However, our genetic analysis showed that the function of
MRG genes in the control of flowering initiation is not only
dependent on FT (Figure 1). Indeed, CO has been proposed
to directly activate SOC1 expression (Samach et al., 2000),
and the absence of a functional FT does not completely sup-
press CO-mediated SOC1 activation (Yoo et al., 2005), which
also indicates that SOC1 expression is not entirely depen-
dent on FT function. Thus, we hypothesized that MRG pro-
teins might directly bind SOC1 chromatin. In turn, this floral
integrator would control the expression levels of stress-
responsive genes. To examine whether SOC1 is a direct tar-
get of MRG proteins, we performed chromatin immunopre-
cipitation (ChIP)-PCR experiments using a pMRG2::MRG2-
YFP transgenic line that fully complements the late-
flowering phenotype of mrg1 mrg2 plants (Bu et al., 2014).
Following immunoprecipitation with an a-GFP antibody, we
observed a conspicuous enrichment of DNA corresponding
to the regulatory region of SOC1 in the pMRG2::MRG2-YFP
transgenic line compared to WT plants (Figure 3, A and B),
indicating that MRG2 directly binds SOC1 chromatin.
Consistent with the role of MRG proteins as H3K36me3
readers, this genomic region of the SOC1 locus bears high
levels of this histone modification (Bewick et al., 2016; Figure
3A). These observations suggest that MRG proteins directly
and positively regulate SOC1 expression.

The MRG2 protein was previously shown to be necessary
for maintaining high H4 acetylation levels in the chromatin of
FT to sustain its expression (Xu et al., 2014). Thus, we rea-
soned that MRG proteins might also regulate SOC1 expres-
sion by modulating H4 acetylation levels. SOC1 expression
gradually increases from germination (Liu et al., 2008) but,
according to our observations, MRG-dependent activation of
SOC1 is evidenced during the transition from vegetative to re-
productive development (Figure 3C). Indeed, the activation of
SOC1 is observed only inwild type (WT) but not in mrg1
mrg2 mutant plants between 8 and 12 d after sowing, the pe-
riod when flowering commitment is taking place, as shown
by the induction of the expression of floral meristem identity
genes such as APETALA 1 (AP1) and LEAFY (LFY) (Figure 3D).
Therefore, we decided to monitor histone H4 acetylation lev-
els in different regions of SOC1 chromatin (Figure 3A) in WT
and mrg1 mrg2 plants during the floral transition (Days 8 and
12). ChIP experiments using an antibody against tetra-

Figure 1 MRG role in the regulation of floral induction is partially de-
pendent on FT and SOC1 function. Flowering time of mrg1 mrg2 ft (A)
and mrg1 mrg2 soc1 (B) triple mutants. The number of leaves at bolt-
ing in WT, and single ft and soc1, double mrg1 mrg2, and triple mrg1
mrg2 ft and mrg1 mrg2 soc1 mutant plants grown under LD.
Statistical significance was calculated using one-way ANOVA with
Tukey’s correction for multiple comparisons and is denoted by differ-
ent letters indicating P5 0.05. Box plots indicate the 25th and 75th
percentiles of the data and the median is indicated by a line. Whiskers
represent the minimum and maximum value. Individual data points
are represented by black dots.
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acetylated histone H4 (H4K5,8,12,16ac) revealed a pro-
nounced increase of this mark around the genomic region of
SOC1 bound by MRG2 in WT plants during the initiation of
flowering. In contrast, H4ac levels remained steady in the

mrg1 mrg2 double mutant between 8 and 12 d after sowing,
leading to significantly lower levels of this histone modifica-
tion in mutant plants compared with WT at the latest devel-
opmental stage assessed (Figure 3E). Remarkably, the intensity

Figure 2 MRG and SOC1 proteins control the expression of a significantly high number of abiotic stress-responsive genes. A, Gene ontology term
over-representation among differentially upregulated genes in mrg1 mrg2 mutant plants. B, Overlap between genes upregulated in the mrg1 mrg2
double mutant and SOC1 direct targets (Immink et al., 2012; Tao et al., 2012). C, Overlap between genes regulated by SOC1 (Seo et al., 2009) and
genes upregulated in mrg1 mrg2 mutant plants. D, Overlap between upregulated genes in the mrg1 mrg2 double mutant and genes induced by
CBF proteins (Jia et al., 2016; Zhao et al., 2016). E, Expression of key abiotic stress-responsive genes in WT and soc1, mrg1 mrg2, and mrg1 mrg2
soc1 mutants. Bars show the average of three independent experiments and error bars indicate the standard error of the mean (SEM, n = 3 in all
experiments). Significant differences were determined with a one-way ANOVA followed by Tukey’s test (P5 0.05) and distinct groups are
denoted by different letters. In B–D, the number of genes of each dataset is indicated between parenthesis and the level of enrichment of each
overlap along with the corresponding P-value is indicated below the Venn diagrams.
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of H4 acetylation observed in WT and mrg mutants at the
SOC1 locus is consistent with the expression levels detected
for this gene in these plants during the floral transition
(Figure 3C). Furthermore, during this phase of floral initiation,
a conspicuous downregulation of diverse SOC1 direct target
genes related to stress responses is observed in WT plants
(Figure 3F). Based on these observations, we concluded that
MRG proteins mediate SOC1 activation during the floral tran-
sition by promoting H4 acetylation levels at this locus, causing
a concomitant repression of stress-related genes (Figure 3F).

Loss of MRG function increases abiotic stress
tolerance in a SOC1-dependent manner
Since mutations in MRG genes increase the expression of
genes involved in abiotic stress responses, we checked the
tolerance of mrg1 mrg2 mutants to different challenging

environmental conditions. First, we assessed the basal freez-
ing tolerance of 2-week-old mrg1 mrg2 mutants and WT
plants. A significant increase in survival to freezing tempera-
tures was observed in mutant plants compared with WT
(Figure 4A). Notably, the genetic relationship found between
mrg1 mrg2 and soc1 mutants regarding the capacity to with-
stand freezing temperatures indicated that the increased tol-
erance displayed by mrg1 mrg2 plants requires a functional
SOC1 gene (Figure 4B). These results demonstrated that
MRGs negatively regulate constitutive freezing tolerance and
that this control relies, at least in part, on SOC1 function.
We also evaluated the ability of mrg1 mrg2 double mutants
to cope with drought and the genetic interaction between
MRG and SOC1 genes in modulating this trait. The data
revealed that loss of MRG function results in increased toler-
ance to water deprivation, and, again, this negative

Figure 3 MRG2 binds SOC1 chromatin promoting H4 acetylation. A, Schematic representation of SOC1 locus indicating regions enriched in
H3K36me3 identified in a ChIP-seq experiment (Bewick et al., 2016). Boxes indicate exons and lines indicate introns. Dark and light grey boxes cor-
respond untranslated regions or coding sequences, respectively. Letters designate regions analyzed in ChIP-PCR experiments. B, ChIP performed
using an a-GFP antibody on chromatin samples from mrg1 mrg2 plants complemented with the specified construct. Untransformed plants were
used as control. C, Expression of the floral integrator SOC1 gene in 8- or 12-d-old plants of the indicated genotypes. D, Upregulation of LFY and
AP1 expression during the floral transition. Transcript levels of floral meristem identity genes in shoot apical meristem tissue from plants of the
denoted age and phenotype. Bars show the average of three independent experiments and error bars represent SEM. Asterisks indicate significant
differences (P5 0.05) determined by two-sided t tests. E, ChIP experiments using an a-H4K5,8,12,16Ac antibody on chromatin samples from 8-
and 12-d-old plants of the indicated genotypes. F, Expression of SOC1 direct targets in 8- or 12-d-old WT plants. In B–E bars indicate the average
of two (B) or three (C–E) independent experiments and error bars denote SEM. Asterisks indicate significant differences (*P5 0.05, ** P5 0.01, ***
P5 0.005) determined by two-sided t tests. The retrotransposon Ta3 was used as a negative control (Johnson et al., 2002).
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regulation on drought tolerance mediated by MRG proteins
displayed dependence on a functional SOC1 gene (Figure
4C). Finally, we wondered if these responses to abiotic
stresses could be associated with an altered ABA responsive-
ness. The results showed that loss of MRG function rendered
plants that were hypersensitive to ABA in a SOC1-depen-
dent manner (Figure 4D). Thus, we concluded that MRG
proteins negatively regulate various abiotic stress responses
in part by controlling SOC1 expression and possibly by mod-
ulating either ABA levels or signaling.

Discussion
In this work, we have explored the involvement of
Arabidopsis MRG histone readers in the regulation of gene
expression. We found that besides mediating the activation
of key flowering genes like FT and SOC1, MRG proteins also
control the expression of many abiotic stress-responsive
genes. Furthermore, MRG-mediated repression of abiotic
stress responses is dependent on the function of the floral
integrator SOC1, a locus regulated by MRG proteins by di-
rectly binding to its chromatin and promoting histone acet-
ylation during the floral transition. The contribution of
chromatin remodeling processes to the coordination of
stress adaptation with plant developmental progression
remains practically unknown (Ma et al., 2020). We propose
that the MRG-mediated remodeling of SOC1 chromatin con-
stitutes a central mechanism that tunes down stress

responses during the floral transition, which is likely to en-
hance reproductive success.

Previous works have established the central role displayed
by MRG histone readers and the H3K36me3 epigenetic mark
in promoting expression of the key floral integrator gene FT
through the deposition of acetylation on histone H4 in regu-
latory regions of this locus (Bu et al., 2014; Xu et al., 2014;
Guo et al., 2020). Now we have found that MRG proteins are
also involved in attenuating different abiotic stress responses,
including drought and low temperature. This is consistent
with recent reports showing that the histone methyl transfer-
ase SDG8 regulates a significant number of genes related to
abiotic stress (Cazzonelli et al., 2014). In fact, another histone
methyl transferase, SDG26, negatively regulates drought stress
tolerance in a similar way as MRG proteins (Ma et al., 2013).
Consistent with the involvement of SDG8 and SDG26 methyl
transferases in the modulation of stress responses, H3K36me3
has been shown to play a key role in the adaptation of plants
to fluctuating ambient temperature (Pajoro et al., 2017). The
extreme phenotype of the mrg1 mrg2 sdg8 triple mutant
(Supplemental Figure S2, B and C) prevented us from assess-
ing the possible genetic interaction of these genes in the con-
text of abiotic stress responses. In any case, our results
support the notion that reading of H3K36me3 through MRG
proteins is a relevant mechanism in the control of the expres-
sion of abiotic stress-responsive genes.

Importantly, in this work, we have established that MRG
proteins tune down abiotic stress responses in a SOC1-

Figure 4 Loss of MRG function increases abiotic stress tolerance in a SOC1-dependent manner. A, Basal freezing tolerance of mrg1 mrg2 as com-
pared to WT. Two-week-old nonacclimated plants were exposed to the indicated freezing temperatures for 6 h and survival was scored after 7 d
of recovery at 22�C. Asterisks indicate significant differences (*P5 0.05, ** P5 0.01, *** P5 0.001) with WT determined by two-sided t tests in
four independent experiments. B, Freezing tolerance in WT and soc1, mrg1 mrg2, and mrg1 mrg2 soc1 mutant plants. Two-week-old, nonaccli-
mated plants were exposed to –6�C for 6 h and survival was scored after 7 d of recovery at 22�C. C, Drought tolerance in WT and soc1, mrg1
mrg2, and mrg1 mrg2 soc1 mutant plants. Watering was withheld from 1-week-old plantlets for 14 d before resuming the regular watering sched-
ule. Plant survival was scored after 7 d. D, Sensitivity to ABA of WT and soc1, mrg1 mrg2, and mrg1 mrg2 soc1 mutants. One-week-old plantlets
germinated on GM medium were transferred to Petri dishes with GM medium in the presence or absence of 20 mM ABA. Fresh weight was mea-
sured after 7 d. Left part shows summarized data from four (A–C) or five (D) independent experiments. Right shows representative plants from
the indicated genotypes. Statistical significance in a one-way ANOVA test with Tukey’s correction for multiple comparisons is denoted by letters
above bars (different letters indicate an adjusted P-value; P5 0.05). In all cases, bars indicate the average and error bars denote SEM.
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dependent manner. Earlier research has established that the
flowering promoting factor SOC1 decreases Arabidopsis toler-
ance to freezing temperatures under conditions that favor
the initiation of reproductive growth (Seo et al., 2009). Here,
we report that the SOC1-repressive role on abiotic stress re-
sponse is not restricted to low temperature but rather also
extends to the reaction of Arabidopsis to other environmen-
tal challenges. For example, we show that SOC1 acts to re-
duce the ability of this plant to cope with drought
conditions. It is important to highlight that although previous
studies had demonstrated a key role for SOC1 in a drought
escape mechanism that accelerates flowering under condi-
tions of water deficit (Riboni et al., 2013), here we are describ-
ing an entirely different mechanism that tunes down
responses underlying the plant ability to cope with water
shortage by enhancing drought tolerance mechanisms upon
flowering initiation. Indeed, natural variation studies in
drought stress responses in Arabidopsis have revealed a nega-
tive correlation between the capacity to increase survival to
water deprivation and the ability to accelerate flowering and
escape drought conditions, supporting the existence of a ge-
netic trade-off between both mechanisms (McKay et al.,
2003), and our results suggest that SOC1 function may repre-
sent an important determinant underlying this trade-off.
Furthermore, we provide additional evidence indicating that
both MRG and SOC1 proteins might be involved in control-
ling either ABA levels or downstream signaling pathways.
Consistent with this hypothesis, SnRK2-substrate 1, a putative
component of the HAT NuA4 complex that in yeast and
mammals interacts with the homolog of MRG, is involved in
ABA signaling in Arabidopsis (Umezawa et al., 2013).

Finally, we have demonstrated that the MRG histone
readers promote histone acetylation at the SOC1 locus dur-
ing the floral transition, activating its expression. While vari-
ous reports have shown the influence of abiotic stress
signals in modulating developmental transitions, and specifi-
cally flowering time (Seo et al., 2009; Riboni et al., 2013),
whether particular developmental stages exhibit differential
adaptation capabilities to unfavorable environmental condi-
tions is, in practice, unknown. This work has uncovered a
developmental epigenetic switch that is activated in a timely
manner during the floral transition with a bivalent involve-
ment in triggering flowering and moderating stress
responses. We interpret these findings as a novel plant
chromatin-mediated mechanism that might operate under
the control of MRG proteins to optimize reproductive suc-
cess and fitness at the expense of costly efforts to adapt to
challenging environmental conditions once flowering is initi-
ated (Figure 5). However, SOC1 is a tightly regulated gene
and MRG proteins are only one of the multiple factors at
play controlling its expression, suggesting that additional
transcriptional regulators could be contributing to the coor-
dination of flowering and abiotic stress tolerance. Further
studies will be necessary to fully unveil the intricate nature
of the epigenetic mechanisms that integrate stress responses
with plant developmental phase transitions as well as their

contribution to Arabidopsis adaptive variation. However,
given these observations, it is tempting to consider that
chromatin dynamics at the SOC1 locus could represent a
driver for phenotypic plasticity in Arabidopsis.

Materials and methods

Plant materials, growth conditions, cold treatments,
and tolerance assays
All Arabidopsis (Arabidopsis thaliana) mutant lines used in
this study are in the Columbia-0 (Col-0) background. The
mutant alleles of MRG1 and MRG2 were named mrg1-2
(SALK_089867) and mrg2-4 (SAIL_317_F11), respectively,
and were obtained from the Nottingham Arabidopsis Stock
Centre (NASC, UK). Other mutants used have been previ-
ously described elsewhere: ft-10 (Yoo et al., 2005), sdg8-1
(Zhao et al., 2005), and soc1-2 (Lee et al., 2000). Plants were
grown at 22�C under LD photoperiods (16 h of cool-white
fluorescent light) or SD photoperiods (8 h of cool-white
fluorescent light) with photon flux of 110 lmol m–2 s–1, in
pots containing a mixture of organic substrate and vermicu-
lite (3:1, v/v), or in Petri dishes containing 1/2x Murashige
and Skoog medium supplemented with 1% (w/v) sucrose
and solidified with 0.8% (w/v) plant agar (germination me-
dium, GM).

Tolerance to freezing temperatures was determined in
2-week-old plants grown on soil. The freezing treatment
started by pre-incubating plants at 4�C for 1 h followed by
a gradual decrease of temperature at a rate of 2�/h to avoid
intracellular freezing. Temperature drop stops at the indi-
cated temperature, which is maintained for 6 h followed by
a gradual recovery of temperature at the aforementioned

Figure 5 Hypothetical working model showing how MRG-mediated
chromatin acetylation at the SOC1 locus coordinates the floral transi-
tion and abiotic stress responses. Reading of H3K36me3 by MRG pro-
teins (brown oval) and subsequent remodeling of SOC1 chromatin
through H4 acetylation during floral transition activates the transcrip-
tion of this gene. The concomitant accumulation of SOC1 protein
(purple rectangles) tunes down the magnitude of abiotic stress
responses by repressing the transcription of stress-responsive genes.
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rate and incubation at 4�C for 1 h before returning plants
to normal growth conditions. Survival was scored after
7 d.

To determine drought tolerance, 1-week-old plantlets
were either kept in a normal irrigation schedule (50 mL wa-
ter for 150 cm3 pots twice a week) or without any watering
for 14 d before resuming irrigation. Survival was scored after
7 d.

ABA sensitivity assay
Seven-day-old seedlings from the indicated genotypes grown
on GM medium in LD conditions were transferred to GM
medium supplemented with or without 20 mM ABA. Then
seedlings were incubated for 9 additional d before taking
pictures and measuring fresh weight.

Gene expression analysis
Plants were grown at 22�C for 12 d under LD photoperiod,
taking samples from aerial tissue at Zeitgeber time 8 for
transcriptomic analysis, unless otherwise indicated. Total
RNA was extracted using EZNA Plant RNA kit (Omega) fol-
lowing the manufacturer’s protocol. RNA samples were
treated with DNase I (Roche) to remove genomic DNA con-
tamination. For RNA sequencing experiments, samples from
three independent experiments were used to prepare three
sequencing libraries for each genotype. RNA library prepara-
tion and sequencing were performed by the Centre de
Regulació Genòmica (Barcelona, Spain), using Illumina
HiSeq2000 technology. Approximately 45 million single-end
50-bp reads per sample were generated and 490% of reads
uniquely mapped to Arabidopsis TAIR10 reference genome
using HISAT2 (Li et al., 2009). Differential expression analysis
was performed using the DESeq2 module (Love et al., 2014)
on SeqMonk v1.45 software (http://www.bioinformatics.bab
raham.ac uk/projects/seqmonk/). To identify DEGs, we set
false discovery rate (FDR) 40.05 and fold change 51.5 or
40.5 as cutoffs for any given DEG. GO enrichment analysis
was performed on PANTHER (http://pantherdb.org/) using a
Fisher’s exact test corrected by a FDR 50.05 as a cutoff for
a significantly enriched GO term. Interestingly, DEGs were
validated by RT-qPCR assays as follows. For RT-qPCR analy-
sis, RNA samples from independent experiments were proc-
essed and analyzed separately. RNA was reverse transcribed
using Maxima first-strand cDNA synthesis kit (Thermofisher
Scientific), and qPCR was performed using LightCycler 480
SYBR Green I (Roche). Primers used for RT-qPCR analysis
are listed in Supplemental Table S3. The At4g26410 gene
was used as a reference in all experiments (Czechowski
et al., 2005). Fold change was calculated using the DDCT
method (Livak and Schmittgen, 2001).

Chromatin immunoprecipitation
ChIP experiments were performed as described (Crevillen et
al., 2019). Immunoprecipitated DNA was quantified by qPCR
using the oligonucleotides described in Supplemental Table
S3. DNA enrichment was estimated as the fraction of immu-
noprecipitated DNA relative to input (% INPUT). We used

the following antibodies: a-H4K5,8,12,16Ac (Merck-Millipore
06-598) and a-GFP (Invitrogen, A-6455).

Statistical analyses
Statistical analyses (ANOVA, Student’s t test) were per-
formed with GraphPad Prism software. Statistical significance
of the overlap between two groups of genes was calculated
using a hypergeometric test using Excel software.

Accession numbers
Sequence data from this article can be found in the
GenBank/EMBL data libraries in the Arabidopsis information
portal (https://www.araport.org/) under the accession num-
bers MRG1 (At4g37280), MRG2 (At1g02740), and SOC1
(At2g45660). Epigenomic data were retrieved from the Plant
Chromatin State Database (http://systemsbiology.cau.edu.cn/
chromstates/index.php). The complete genome-wide data
from this publication were submitted to the Gene
Expression Omnibus database (www.ncbi.nlm.nih.gov/geo/)
under accession number GSE141135.

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Loss of MRG function delays
flowering only under photoperiodic inductive conditions.

Supplemental Figure S2. MRG role in the regulation of
floral induction depends on SDG8-mediated histone H3K36
trimethylation.

Supplemental Table S1. Transcriptomic analysis of mrg1
mrg2 mutants through RNA-seq.

Supplemental Table S2. Gene Ontology terms overrepre-
sented in MRG-regulated genes.

Supplemental Table S3. List of primers used in this
study.

Acknowledgments
Seeds of Arabidopsis pMRG2::MRG2-YFP transgenic line in
mrg1 mrg2 background were a kind gift from Aiwu Dong
(Fudan University, Shanghai).

Funding
This work was funded by the Ministerio de Economı́a,
Industria y Competitividad, Gobierno de Espa~na (MINECO)
grants BIO2016-77559-R (to J.A.J. and M.P.) and BIO2016-
79187-R (to J.S.); the Ministerio de Ciencia e Innovacion,
Gobierno de Espana grant PID2019-104899GB-I00 (to J.A.J.
and M.P.); a FPU fellowship from the Spanish Ministry of
Education (to A.M.); The authors thank the “Severo Ochoa
Program for Centres of Excellence in R&D” from the Agencia
Estatal de Investigación of Spain (grant SEV-2016-0672
(2017-2021) for supporting the scientific services used in this
work.

Conflict of interest statement. None declared.

Plant Physiology, 2021, Vol. 187, No. 1 PLANT PHYSIOLOGY 2021: 187; 462–471 | 469

http://www.bioinformatics.babraham.ac
http://www.bioinformatics.babraham.ac
http://pantherdb.org/
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab275#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab275#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab275#supplementary-data
https://www.araport.org/
http://systemsbiology.cau.edu.cn/
http://www.ncbi.nlm.nih.gov/geo/
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab275#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab275#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab275#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab275#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab275#supplementary-data


References

An Z, Yin L, Liu Y, Peng M, Shen WH, Dong A (2020) The histone
methylation readers MRG1/MRG2 and the histone chaperones
NRP1/NRP2 associate in fine-tuning Arabidopsis flowering time.
Plant J 103: 1010–1024

Asensi-Fabado MA, Amtmann A, Perrella G (2017) Plant responses
to abiotic stress: The chromatin context of transcriptional regula-
tion. Biochim Biophys Acta Gene Regul Mech 1860: 106–122

Barrero-Gil J, Salinas J (2018) Gene Regulatory Networks Mediating
Cold Acclimation: The CBF Pathway. Adv Exp Med Biol 1081: 3–22

Baurle I, Trindade I (2020) Chromatin regulation of somatic abiotic
stress memory. J Exp Bot 71: 5269–5279

Bewick AJ, Ji L, Niederhuth CE, Willing EM, Hofmeister BT, Shi X,
Wang L, Lu Z, Rohr NA, Hartwig B, et al. (2016) On the origin
and evolutionary consequences of gene body DNA methylation.
Proc Natl Acad Sci U S A 113: 9111–9116

Bu Z, Yu Y, Li Z, Liu Y, Jiang W, Huang Y, Dong AW (2014)
Regulation of arabidopsis flowering by the histone mark readers
MRG1/2 via interaction with CONSTANS to modulate FT expres-
sion. PLoS Genet 10: e1004617

Cazzonelli CI, Nisar N, Roberts AC, Murray KD, Borevitz JO,
Pogson BJ (2014) A chromatin modifying enzyme, SDG8, is in-
volved in morphological, gene expression, and epigenetic responses
to mechanical stimulation. Front Plant Sci 5: 533

Crevillen P, Gomez-Zambrano A, Lopez JA, Vazquez J, Pineiro M,
Jarillo JA (2019) Arabidopsis YAF9 histone readers modulate
flowering time through NuA4-complex-dependent H4 and H2A.Z
histone acetylation at FLC chromatin. New Phytol 222: 1893–1908

Czechowski T, Stitt M, Altmann T, Udvardi MK, Scheible WR
(2005) Genome-wide identification and testing of superior refer-
ence genes for transcript normalization in Arabidopsis. Plant
Physiol 139: 5–17

Chang YN, Zhu C, Jiang J, Zhang H, Zhu JK, Duan CG (2020)
Epigenetic regulation in plant abiotic stress responses. J Integr
Plant Biol 62: 563–580

Eremina M, Rozhon W, Poppenberger B (2016) Hormonal control
of cold stress responses in plants. Cell Mol Life Sci 73: 797–810

Espinosa-Cores L, Bouza-Morcillo L, Barrero-Gil J, Jimenez-Suarez
V, Lazaro A, Piqueras R, Jarillo JA, Pineiro M (2020) Insights into
the function of the NuA4 complex in plants. Front Plant Sci 11: 125

Guo Z, Li Z, Liu Y, An Z, Peng M, Shen WH, Dong A, Yu Y (2020)
MRG1/2 histone methylation readers and HD2C histone deacetylase
associate in repression of the florigen gene FT to set a proper flowering
time in response to day-length changes. New Phytol 227: 1453–1466

Haak DC, Fukao T, Grene R, Hua Z, Ivanov R, Perrella G, Li S
(2017) Multilevel regulation of abiotic stress responses in plants.
Front Plant Sci 8: 1564

Harb A, Krishnan A, Ambavaram MM, Pereira A (2010) Molecular
and physiological analysis of drought stress in Arabidopsis reveals
early responses leading to acclimation in plant growth. Plant
Physiol 154: 1254–1271

Immink RG, Pose D, Ferrario S, Ott F, Kaufmann K, Valentim FL,
de Folter S, van der Wal F, van Dijk AD, Schmid M, et al.
(2012) Characterization of SOC1’s central role in flowering by the
identification of its upstream and downstream regulators. Plant
Physiol 160: 433–449

Jia Y, Ding Y, Shi Y, Zhang X, Gong Z, Yang S (2016) The cbfs tri-
ple mutants reveal the essential functions of CBFs in cold acclima-
tion and allow the definition of CBF regulons in Arabidopsis. New
Phytol 212: 345–353

Jiang J, Ding AB, Liu F, Zhong X (2020) Linking signaling pathways
to histone acetylation dynamics in plants. J Exp Bot 71: 5179–5190

Johnson L, Cao X, Jacobsen S (2002) Interplay between two epige-
netic marks. DNA methylation and histone H3 lysine 9 methyla-
tion. Curr Biol 12: 1360–1367

Lamke J, Baurle I (2017) Epigenetic and chromatin-based mecha-
nisms in environmental stress adaptation and stress memory in
plants. Genome Biol 18: 124

Lee H, Suh SS, Park E, Cho E, Ahn JH, Kim SG, Lee JS, Kwon YM,
Lee I (2000) The AGAMOUS-LIKE 20 Mads domain protein inte-
grates floral inductive pathways in Arabidopsis. Genes Dev 14:
2366–2376

Lee KK, Workman JL (2007) Histone acetyltransferase complexes:
one size doesn’t fit all. Nat Rev Mol Cell Biol 8: 284–295

Li R, Yu C, Li Y, Lam TW, Yiu SM, Kristiansen K, Wang J (2009)
SOAP2: an improved ultrafast tool for short read alignment.
Bioinformatics 25: 1966–1967

Liu C, Chen H, Er HL, Soo HM, Kumar PP, Han JH, Liou YC, Yu H
(2008) Direct interaction of AGL24 and SOC1 integrates flowering
signals in Arabidopsis. Development 135: 1481–1491

Liu X, Yang S, Yu CW, Chen CY, Wu K (2016) Histone acetylation
and plant development. Enzymes 40: 173–199

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-DD C(T)) method.
Methods 25: 402–408

Love MI, Huber W, Anders S (2014) Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol 15: 550

Luo M, Cheng K, Xu Y, Yang S, Wu K (2017) Plant responses to
abiotic stress regulated by histone deacetylases. Front Plant Sci 8:
2147

Ma H, Liu B-Y, Ruan Y, Liu C-L (2013) Physiological and bio-
chemical studies on Arabidopsis mutant with the loss of SDG26
gene function under drought stress. J Hunan Agric Univ 38:
377–380

Ma X, Su Z, Ma H (2020) Molecular genetic analyses of abiotic stress
responses during plant reproductive development. J Exp Bot 71:
2870–2885

McKay JK, Richards JH, Mitchell-Olds T (2003) Genetics of drought
adaptation in Arabidopsis thaliana: I. Pleiotropy contributes to ge-
netic correlations among ecological traits. Mol Ecol 12: 1137–1151

Musselman CA, Lalonde ME, Cote J, Kutateladze TG (2012)
Perceiving the epigenetic landscape through histone readers. Nat
Struct Mol Biol 19: 1218–1227

Pajoro A, Severing E, Angenent GC, Immink RGH (2017) Histone
H3 lysine 36 methylation affects temperature-induced alternative
splicing and flowering in plants. Genome Biol 18: 102

Riboni M, Galbiati M, Tonelli C, Conti L (2013) GIGANTEA enables
drought escape response via abscisic acid-dependent activation of
the florigens and SUPPRESSOR OF OVEREXPRESSION OF
CONSTANS. Plant Physiol 162: 1706–1719

Samach A, Onouchi H, Gold SE, Ditta GS, Schwarz-Sommer Z,
Yanofsky MF, Coupland G (2000) Distinct roles of CONSTANS
target genes in reproductive development of Arabidopsis. Science
288: 1613–1616

Seo E, Lee H, Jeon J, Park H, Kim J, Noh YS, Lee I (2009) Crosstalk
between cold response and flowering in Arabidopsis is mediated
through the flowering-time gene SOC1 and its upstream negative
regulator FLC. Plant Cell 21: 3185–3197

Shi Y, Ding Y, Yang S (2018) Molecular regulation of CBF signaling
in cold acclimation. Trends Plant Sci 23: 623–637

Soppe WJ, Bentsink L, Koornneef M (1999) The early-flowering mu-
tant efs is involved in the autonomous promotion pathway of
Arabidopsis thaliana. Development 126: 4763–4770

Tao Z, Shen L, Liu C, Liu L, Yan Y, Yu H (2012) Genome-wide iden-
tification of SOC1 and SVP targets during the floral transition in
Arabidopsis. Plant J 70: 549–561

Umezawa T, Sugiyama N, Takahashi F, Anderson JC, Ishihama Y,
Peck SC, Shinozaki K (2013) Genetics and phosphoproteomics re-
veal a protein phosphorylation network in the abscisic acid signal-
ing pathway in Arabidopsis thaliana. Sci Signal 6: rs8

470 | PLANT PHYSIOLOGY 2021: 187; 462–471 Barrero-Gil et al.



Xu Y, Gan ES, Zhou J, Wee WY, Zhang X, Ito T (2014) Arabidopsis
MRG domain proteins bridge two histone modifications to elevate
expression of flowering genes. Nucleic Acids Res 42: 10960–10974

Yoo SK, Chung KS, Kim J, Lee JH, Hong SM, Yoo SJ, Yoo SY, Lee
JS, Ahn JH (2005) CONSTANS activates SUPPRESSOR OF
OVEREXPRESSION OF CONTANS 1 through FLOWERING LOCUS T
to promote flowering in Arabidopsis. Plant Physiol 139: 770–778

Zhao C, Zhang Z, Xie S, Si T, Li Y, Zhu JK (2016) Mutational evi-
dence for the critical role of CBF transcription factors in cold accli-
mation in Arabidopsis. Plant Physiol 171: 2744–2759

Zhao Z, Yu Y, Meyer D, Wu C, Shen WH (2005) Prevention
of early flowering by expression of FLOWERING LOCUS C
requires methylation of histone H3 K36. Nat Cell Biol 7:
1256–1260

Plant Physiology, 2021, Vol. 187, No. 1 PLANT PHYSIOLOGY 2021: 187; 462–471 | 471


