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Leaf growth is a tightly regulated and complex process, which responds in a dynamic manner to changing environmental
conditions, but the mechanisms that reduce growth under adverse conditions are rather poorly understood. We previously
identified a growth inhibitory pathway regulating leaf growth upon exposure to a low concentration of mannitol and
characterized the ETHYLENE RESPONSE FACTOR (ERF)/APETALA?2 transcription factor ERF6 as a central activator of both
leaf growth inhibition and induction of stress tolerance genes. Here, we describe the role of the transcriptional repressor ERF11
in relation to the ERF6-mediated stress response in Arabidopsis (Arabidopsis thaliana). Using inducible overexpression lines, we
show that ERF6 induces the expression of ERF11. ERF11 in turn molecularly counteracts the action of ERF6 and represses at least
some of the ERF6-induced genes by directly competing for the target gene promoters. As a phenotypical consequence of the
ERF6-ERF11 antagonism, the extreme dwarfism caused by ERF6 overexpression is suppressed by overexpression of ERFI1.
Together, our data demonstrate that dynamic mechanisms exist to fine-tune the stress response and that ERF11 counteracts ERF6
to maintain a balance between plant growth and stress defense.

Plants are constantly challenged to survive and main-
tain growth in changing environments. In natural envi-
ronments, as well as in laboratories, growth conditions
are rarely optimal, generating a weak but continuous
stress. In such suboptimal conditions, the equilibrium
between sustained plant growth and activation of stress
defense mechanisms is defied and needs to be continu-
ously rebalanced and fine-tuned (Claeys and Inzé, 2013).
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To unravel these growth- and defense-related
mechanisms in Arabidopsis (Arabidopsis thaliana), re-
searchers commonly use in vitro setups in which dif-
ferent growth inhibitory compounds are added to the
growth medium (Verslues et al., 2006; Lawlor, 2013;
Claeys et al., 2014). Mannitol, for example, is a fre-
quently applied compound to induce mild stress be-
cause it results in both inhibition of leaf growth and
activation of stress-responsive genes (Kreps et al., 2002;
Skirycz et al., 2010, 2011; Dubois et al., 2013; Claeys
et al., 2014; Trontin et al., 2014). Two putative receptor-
like kinases, ENHANCED GROWTH ON MANNITOL1
(EGM1) and EGM2, are presumably involved in the
detection of mannitol and further downstream activa-
tion of the growth and tolerance responses (Trontin
et al., 2014). Previously, we have shown that mannitol-
induced responses are specific to the different stages of
Arabidopsis leaf development (Skirycz et al., 2010). In
very young Arabidopsis leaves, in which cells are not
yet expanding but still actively dividing, exposure to
mannitol triggers the accumulation of the ethylene pre-
cursor 1l-aminocyclopropane-1-carboxylic acid (ACC)
and the transcriptional induction of ethylene-related
genes. Interestingly, these responses are extremely fast,
with several ETHYLENE RESPONSE FACTORs (ERFs;
ERF1, ERF2, ERF5, ERF6, and ERF11) being induced in
growing leaves within hours upon sudden exposure of
roots to mannitol (Skirycz et al., 2011).
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The ERFs are transcription factors belonging to the
large APETALA2 (AP2)/ERF family of plant-specific
transcription factors (Riechmann and Meyerowitz, 1998;
Nakano et al., 2006). They all possess a single repeat of the
well-conserved AP2 domain, which is important for DNA
binding. Additionally, other small domains are conserved
between several but not all ERFs, enabling a detailed
classification in 12 ERF subgroups (Sakuma et al., 2002;
Nakano et al., 2006). For example, the mannitol-induced
ERF11 belongs to subgroup VIlla, the members of which
contain a C-terminal ERF amphiphilic repression (EAR)
motif enabling transcriptional repression of the down-
stream targets (Ohta et al., 2001; Yang et al., 2005; Nakano
et al., 2006; Li et al., 2011). The other mannitol-induced
ERFs are members of the subgroups IXa (ERF1 and ERF2)
or IXb (ERF5 and ERF6). These contain an N-terminally
located conserved stretch of acidic amino acids (called the
2nd Conserved Motif of group IX [CMIX-2]), which might
function as a transcriptional activator domain. The tran-
scriptional activators ERF5 and ERF6 additionally harbor
a conserved C-terminal motif (CMIX-5) identified as a
putative phosphorylation site by mitogen-activated pro-
tein kinases (MPKs), which distinguishes group IXa from
group IXb (Fujimoto et al., 2000; Nakano et al., 2006).

ERF6 is an activating transcription factor with docu-
mented roles in the response to various abiotic and biotic
stress conditions, such as oxidative stress (Sewelam
et al., 2013; Wang et al., 2013; Vermeirssen et al., 2014),
high light (Vogel et al., 2014), cold (Lee et al., 2005; Xin
et al,, 2007), and biotic stress induced by biotrophic
and necrotrophic pathogens (AbuQamar et al., 2006;
Dombrecht et al., 2007; Hu et al., 2008; Moffat et al., 2012;
Son et al., 2012; Meng et al., 2013). We have previously
unraveled the molecular and biological function of ERF6
and its close homolog ERF5 in the mannitol-induced
stress response, specifically in actively growing young
Arabidopsis leaves (Dubois et al., 2013). We propose the
following model: upon sudden exposure to mannitol,
MPK3 and MPK6 could posttranslationally activate
ERF5/ERF6 through phosphorylation, as has previously
been reported under reactive oxygen species-mediated
oxidative stress (Popescu et al., 2009; Son et al., 2012;
Wang et al., 2013). Active ERF6 proteins transcription-
ally induce ERF6 gene expression and act as early and
central regulators of the mannitol-induced stress re-
sponse. On the one hand, ERF6 transcriptionally acti-
vates the GA2-OXIDASE6 (OX6) gene, encoding an
enzyme degrading bioactive GAs and thus reducing
cellular GA levels (Rieu et al., 2008). Through activation
of GA degradation, ERF5/ERF6 stimulate the stabiliza-
tion of DELLA proteins, which in turn inhibit growth of
young leaves by pushing dividing cells out of the mitotic
cell cycle (Claeys et al., 2012). Under mannitol stress,
ERF5/ERF6 thus induce leaf growth inhibition, and
consequently, plants overexpressing ERF6 show ex-
treme dwarfism. On the other hand, ERF6 was found to
rapidly activate 332 putative target genes, highly
enriched for stress-responsive genes and for genes in-
volved in transcriptional regulation, suggesting that
ERF6 is situated upstream of a stress-related network of
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transcription factors. ERF6 was, for example, shown to
directly activate the expression of genes encoding
the stress tolerance-related transcription factors MYB
DOMAIN PROTEIN51 (MYB51), Salt Tolerance Zinc
Finger (STZ), and WRKY33. Thus, on top of inhibiting
Arabidopsis leaf growth, ERF6 also induces, indepen-
dently of the GA/DELLA pathway, genes involved in
stress tolerance (Dubois et al., 2013).

The transcriptional repressor ERF11 has been much
less studied but has been identified in several gene ex-
pression studies following different kinds of stresses. For
example, ERF11 expression is altered upon several abiotic
stresses, such as K* depletion (Hampton et al., 2004), cold
exposure (Lee et al., 2005; Vergnolle et al., 2005), H,0O,
treatment (Wang et al., 2006), and exposure to chronic
UV-B (Hectors et al., 2007) and 3-(3,4-dichlorophenyl)-
1,1-dimethylurea, an inhibitor of photosynthetic elec-
tron transport (Vogel et al., 2012). ERF11 is also known to
be responsive to several hormones, especially jasmonic
acid and abscisic acid (ABA), and to infection with the
oomycete Phytophthora parasitica and Alternaria brassicicola
(McGrath et al., 2005; Dombrecht et al., 2007; Eulgem and
Somssich, 2007; Libault et al., 2007). ERF11 is further
known to be a negative regulator of ethylene biosynthesis
upon increased ABA levels by directly repressing the
expression of the ACC synthases ACS2 and ACS5,
explaining the known ABA-ethylene antagonism (Li
et al., 2011). However, despite its induction by various
and numerous stresses, the biological and molecular role
of ERF11 in biotic and abiotic stress responses is still
poorly understood.

In this study, we demonstrate that the transcriptional
repressor ERF11 antagonizes the activator ERF6, pro-
viding a mechanism to maintain the balance between
plant growth and stress tolerance upon stress exposure.

RESULTS

ERF6 and ERF11 Are Induced Simultaneously by
Mannitol-Mediated Stress and by ACC

Previously, we have developed a mild stress assay in
which young Arabidopsis seedlings were exposed to a
low concentration of mannitol (25 mm), which induces a
rapid leaf growth inhibition without affecting develop-
mental timing. Using this assay, the transcription factors
ERF6 and ERF11 have been shown to be transcription-
ally induced by mannitol within hours upon exposure,
specifically in actively growing Arabidopsis leaves
(Skirycz et al., 2011). To get a better time resolution on
this expression pattern, we performed a detailed time-
course experiment and measured the expression of ERF6
and ERF11 within minutes upon exposure to mannitol
using the following experimental setup: Arabidopsis seed-
lings are grown in vitro on one-half-strength Murashige
and Skoog (MS) medium overlaid with a nylon mesh
until 9 d after stratification (DAS). At this moment, the
third true leaf is still mainly composed of proliferat-
ing cells. The mesh with plants is subsequently trans-
ferred to growth medium supplemented with 25 mm
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mannitol, and the young Arabidopsis seedlings are
harvested on mRNA-stabilizing solution after 5, 10, 15,
30, 45, 60, 120, and 180 min of stress exposure, followed
by microdissection of the third true leaf (less than
0.1 mm? in size). By measuring ERF6 and ERF11 expres-
sion levels by quantitative reverse transcription (qQRT)-
PCR, we show that in young Arabidopsis leaves, both
genes were induced simultaneously by mannitol stress
already after 60 min (Pppp, = 0.003 and Prgpy; = 0.002,
ANOVA; Fig. 1A). Consistent with our previous obser-
vation that mannitol rapidly induces ACC accumulation
(Skirycz et al., 2011), transfer of young seedlings to 5 um
ACC-containing growth medium triggered a simulta-
neous up-regulation of ERF6 and ERF11 within 45 min of
exposure (Pgrpe = 0.002 and Pgrpy; = 0.037, ANOVA,; Fig.
1B). We also measured the expression level of STZ,
MYB51, and GA2-OX6, which are target genes of ERF6
(Dubois et al., 2013). Interestingly, the increased expres-
sion of these genes upon mannitol treatment occurred
simultaneously with the ERF6 and ERF11 induction
(Supplemental Fig. S1). The transcriptional induction of
ERF6 at the same time as its own target genes is consis-
tent with our previous observations that stress-activated
ERF6 proteins are able to induce both their own ex-
pression as well as that of STZ, MYB51, and GA2-OX6.
Thus, ERF11, ERF6, and its target genes are induced at
the same time upon treatment with mannitol in actively
growing Arabidopsis leaves.

ERF6 Is an Activator of ERF11 Expression under
Mannitol-Mediated Stress

The expression pattern of ERF11 upon mannitol ex-
posure is similar to that of known ERF6 target genes,
raising the question whether ERF11 is an ERF6 target
gene as well. To further investigate this possibility, we
first determined whether ERF6 is able to activate ERF11
expression. To this end, a 355:ERF6-GR (ERF6-GR) line,
containing a fusion between ERF6 and the glucocorticoid
receptor, was used (Dubois et al., 2013). If ERFI11 is a
target gene of ERF6, up-regulation of ERF11 transcripts is
expected to occur rapidly upon induction of ERF6. We
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Figure 1. Transcriptional induction of ERF6 and ERFT1 upon short-term
exposure to mannitol or ACC. Expression levels of ERF6 and ERF11 in
proliferating leaf tissue measured by qRT-PCR upon exposure to mild
mannitol-induced stress (25 mm; A) or 5 um ACC (B). Represented values
are means of three biological repeats with their s relative to the expres-
sion value upon transfer to MS (TMS) medium as a control. *, P < 0.05
(ANOVA) for both genes. FC, Fold change.
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therefore transferred ERF6-GR plants to dexamethasone-
containing growth medium (see “Materials and Methods”)
and measured ERF11 transcript levels by qRT-PCR at
multiple time points following induction (Fig. 2A). ERF11
transcript levels gradually increased within 4 h upon
dexamethasone treatment to up to 2-fold (P = 0.02,
ANOVA), suggesting that ERF11 is a direct target of ERF6.

Next, activation of the ERFI11 promoter (pERF11) by
ERF6 was analyzed using a luciferase transactivation
assay in tobacco (Nicotiana tabacum) protoplasts by
cotransformation of 355:ERF6 and pERF11:fLUC (for
firefly luciferase) constructs. The observed increase
in light signal emitted by fLUC suggests that ERF6 is
able to activate the promoter of ERF11 (P < 2E-16; Fig.
2B). To further confirm this, the mannitol-mediated in-
duction of ERF11 was analyzed in an erfberf6 double
mutant background (Dubois et al., 2013), compared with
wild-type plants. After 4 h of exposure to mannitol,
ERF11 was 11.3-fold higher expressed in mannitol-
treated wild-type plants, compared with the controls
transferred to MS medium (Fig. 2C). This clear induction
of ERF11 expression was less pronounced (P = 0.07) in
erfberfo mutants, where the induction by mannitol was
4.9-fold (Fig. 2C). Together, these data show that ERF5/
ERF6 are involved in the rapid induction of ERF11 upon
exposure to low concentrations of mannitol.

The expression of the mannitol-induced ERFs was
previously thought to be low under control conditions
(Andriankaja et al., 2012; Dubois et al., 2013; Meng et al.,
2013). However, in growing Arabidopsis leaves of plants
grown in soil, we observed that this is not the case
throughout the entire day but that instead, ERF6 and
ERF11 transcript profiles show a similar diurnal pattern
(Fig. 2D), suggesting coregulation of both genes. ERF6
and ERF11 transcript levels were low in the morning and
gradually accumulated until the evening. During the
night, transcript levels remained stable and abruptly
decreased again in the early morning. To test if the
regulation of ERF11 expression throughout the day is
mediated by ERF6, the diurnal ERF11 pattern was
measured in erfoerf6 mutants under nonstress condi-
tions, showing a similar ERF11 expression pattern as in
the wild type (Fig. 2D). We thus conclude that ERF6 is
an activator of ERF11 under mannitol-induced stress
but that it is not responsible for the diurnal expression
pattern of ERF11 expression under control conditions.

Overexpression of ERF11 Negatively Affects Leaf Growth

Because, under growth-repressive conditions, ERF11
is induced in actively growing leaves of plants, we
speculated that ERF11 might be involved in the regu-
lation of leaf growth. To test this hypothesis, we first
measured rosette growth of the homozygous line erfl1
(SALK_116053; Alonso et al., 2003) knocked out for ERF11
due to a transfer DNA insertion in the 5 untranslated
region of ERF11 and showing clearly reduced ERF11 ex-
pression levels (residual ERF11 expression, on average,
5%; Supplemental Fig. S2). At 22 DAS, the rosettes of erf11
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mutants were indistinguishable from wild-type rosettes
(P =096, ANOVA; Fig. 3A). Because the absence of a
phenotype in the knockout line might be due to low
ERF11 activity under control conditions, we also
phenotyped transgenic plants overexpressing the
dexamethasone-inducible ERF11-GR construct. Rosettes
of ERF11-GR plants grown in vitro on dexamethasone-
containing medium were significantly smaller than
wild-type plants (Fig. 3A), with an average size reduc-
tion of 21% (P = 2E-5, ANOVA; Fig. 3, A and B). The
ERF11-mediated growth reduction was also visible on
every individual leaf of the rosette of soil-grown plants
watered with a dexamethasone solution (P = 2E-5,
ANOVA,; Fig. 3C; Supplemental Fig. S3A).

To investigate the effect of overexpressing ERF11
on leaf development in more detail, 355:ERF11-GR
and wild-type plants were grown on MS medium
and dexamethasone treatment was started at 9 DAS,
when all cells of the third leaf are actively proliferat-
ing, and the size of the third leaf was measured every
day until 20 DAS. Leaf growth inhibition started to be
visible at 18 DAS, i.e. after 9 d of overexpression of
ERF11 (Fig. 3B). To unravel the cellular mechanism
behind this growth reduction, cell number and cell
area of the harvested leaves were measured at 20
DAS. Leaves of plants overexpressing ERF11 showed
a 16% decrease in cell area (P = 0.01, ANOVA) and an
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Figure 2. Transcriptional activation of ERFT1
by ERF6 under mannitol-induced stress. A,
Expression levels of ERFI11 in the growing
third leaf (15 DAS) of ERF6-GR plants, relative
to the wild type, measured by gRT-PCR at
several time points (h) upon transfer to dexa-
methasone-containing medium. *, P < 0.05
(ANOVA). B, Luciferase transactivation assay
with cotransformation of 35S:ERF6 and
pERF11:fLUC showing the activation of the
ERF11 promoter by ERF6. Values are signal
intensities normalized to the cotransformed
normalization plasmid rLUC and relative to the
negative control (355:GUS + pERF11:fLUC). *,
P<0.05.C, Expression levels of ERF11 in wild-
type (WT) plants and erf5erfé mutants 4 h upon
exposure to mannitol. D, Expression levels of
ERF6 and ERF11 at different times of the day in
actively growing leaves (15 DAS) of wild-type
and erf5erf6 plants grown in soil. For all graphs,
the represented values are the means of three
biological repeats with their se. FC, Fold
change.
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18% reduction in cell number (P = 0.01, ANOVA,; Fig.
3D). Together, these data show that ERF11 has the
capacity to repress leaf growth by negatively affecting
cell area and number.

Finally, because ERF6 and ERFI1 are coregulated
and because the ERF6-GR line has previously been
reported to inhibit leaf growth as well (Dubois et al.,
2013), we further explored whether both transcription
factors could act together to regulate leaf growth. We
therefore crossed the 355:ERF6-GR line with the 355:
ERF11-GR line and selected plants that were homozy-
gous for both constructs and that expressed the re-
spective constructs to a comparable level as the single
homozygous lines (Fig. 4A). Although both individual
lines showed, respectively, strong and mild growth
inhibition when grown on dexamethasone, surpris-
ingly, when both ERF6 and ERF11 are overexpressed
simultaneously, the extreme dwarfism induced by
ERF6 is almost completely abolished and the rosette
area is again comparable with the wild type (Fig. 3A).
This rescue of the phenotype was observed both in
experiments conducted in vitro (Fig. 3A) and in soil
(Fig. 3C) under long-term (Fig. 3A) and short-term (Fig.
3B) dexamethasone treatment and holds for all ro-
sette leaves (Supplemental Fig. S3B). Taken together,
these results demonstrate that ERF6 and ERF11 are
able to negatively affect leaf growth individually, while
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Figure 3. ERF11 regulates Arabidopsis leaf growth under mannitol-induced stress conditions. A, Projected rosette area at 22 DAS of
the erf1 1 mutant and the dexamethasone-inducible overexpression lines of ERF6 (ERF6-GR) and ERF11 (ERF11-GR) and of both in
ERF6-GR X ERF11-GR double homozygous plants, grown under control conditions (medium supplemented with dexamethasone for
the GR lines). Represented values are the means of three biological repeats with their st. *, P < 0.05, compared with the wild type
(WT). B, Size of the third true leaf over time of the GR lines described in A upon exposure to dexamethasone from 9 DAS onward. *,
P < 0.05 (ANOVA), compared with the wild type. C, Rosettes of the GR lines described in A grown in soil for 22 d and watered with a
dexamethasone-containing solution. D, Cellular measurements of the abaxial side of the third leaf of the wild type and ERF11-GR at
20 DAS from the plants shown in B. *, P < 0.05, compared with the wild type. E, Reduction in rosette area caused by growth for 22 d
on medium supplemented with 25 mm mannitol, compared with the rosette area of the same line grown under control conditions.
Error bars represent the st of three biological repeats. *, P < 0.05 (ANOVA), compared with the wild type. Bar = 2 cm.

simultaneous overexpression of both transcription fac-
tors releases this growth inhibition.

ERF11 Is Involved in the Regulation of Leaf Growth under
Mild Stress

To explore whether ERF11 is involved in leaf growth
inhibition under stress, we phenotyped ERF11 loss- and
gain-of-function lines under growth-limiting conditions

170

mediated by low concentrations of mannitol. After
22 d of growth, the rosette size on mannitol was reduced
by 14% in erfl1 and by 23% in the wild type compared
with the rosette area of the corresponding line on con-
trol conditions (Fig. 3E). Thus, erfl1 mutants are more
tolerant to mannitol (P = 0.02, ANOVA), indicating
that ERF11 plays a role in leaf growth regulation under
mannitol-induced growth-limiting conditions. For the
ERF11-overexpressing plants, however, exposure to mild
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stress caused a growth inhibition comparable with
the mannitol-induced growth reduction observed in
wild-type plants (14% and 16%, respectively; P = 0.7,
ANOVA; Fig. 3E). This shows that ERF11-overexpressing
plants are equally sensitive to mannitol-induced stress
and that overexpression of ERF11 does not mimic
mannitol-induced growth inhibition. By contrast, ERF6-
overexpressing plants were previously shown, using a
weaker ERF6 overexpression line with a milder pheno-
type, to be hypersensitive to mannitol (Dubois et al.,
2013). Interestingly, when 355:ERF6-GR X 355:ERF11-
GR plants were grown on medium supplemented with
mannitol, the reduction in leaf growth was also more
pronounced than in wild-type plants (31% versus 16% for
the wild type; P = 0.02, ANOVA). Taken together, these
data demonstrate that ERF11 and ERF6 are both involved
in the regulation of leaf growth inhibition under stress.

At the Molecular Level, ERF6 and ERF11 Compete for
Common Target Genes

Because ERF6 is a transcriptional activator and
ERF11 is a transcriptional repressor, we reasoned that

Plant Physiol. Vol. 169, 2015

simultaneous induction of both transcription factors by
stress could generate a possible antagonism and com-
petition for common target genes. We therefore trans-
ferred the double homozygous ERF6-GR X ERF11-GR
line and the appropriate controls to dexamethasone-
containing medium and measured, in the actively grow-
ing third leaf, the expression level of the ERF6 target
genes: GA2-OX6, MYB51, WRKY33, and STZ (Dubois
et al., 2013). In the ERF6-GR line, these target genes
were induced within 4 h upon dexamethasone treat-
ment (P < 0.05; Fig. 4A). By contrast, overexpression
of only ERF11 (ERF11-GR) did not affect the expres-
sion of these genes. Interestingly, when ERF11 was
cooverexpressed with ERF6 (ERF6-GR X ERF11-GR),
the expression of the target genes was not induced by
dexamethasone, and thus these genes were no longer
induced by ERF6 within the measured time frame
(Fig. 4A).

Multiple molecular models can explain this antago-
nistic relationship between ERF6 and ERF11. First, ERF11
could directly repress the expression of ERF6 and thereby
indirectly repress the induction of the ERF6 target genes.
However, neither expression analyses of ERF6 in the
ERF11-GR line upon dexamethasone treatment nor
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promoter-binding assays of 355:ERF11 on pERF6:fLUC
support this hypothesis (Supplemental Fig. 54). Second,
ERF6 and ERF11 could form heterodimers, which
would be responsible for the repressive function on the
promoters of the genes targeted by ERF6. Third, ERF11
could physically withhold ERF6 proteins from their
targets, indirectly inhibiting their induction. Both hy-
potheses imply physical interaction at the protein level
between ERF6 and ERF11. However, despite successive
attempts using quantitative yeast (Saccharomyces cer-
evisiae) two-hybrid (Y2H) assays to measure putative
interactions between ERF6 and ERF11, no protein-
protein interactions between both transcription factors
could be detected (Supplemental Fig. S5). Finally,
ERF11 could directly compete with ERF6 for binding on
the promoter of target genes. To test this hypothesis, we
first performed multiple protoplast activation assays
using fusions of the promoters of the known ERF6
target genes with the gene encoding fLUC (pSTZ:fLUC,
pMYB51:LUC, and pWRKY33:fLUC) and cotrans-
formed each of them with either 35S:ERF6, or 35S:
ERF11, or a combination of both in a 1:1 ratio. As ex-
pected, transformation with ERF6 alone caused an in-
crease in signal intensity (Fig. 4B), strongly suggesting
activation of the promoters of the three target genes. By
contrast, upon transformation with ERF11 alone, the
signal intensity did not increase and even showed a
weak but significant and reproducible reduction for
pMYB51 and pWRKY33. Upon cotransformation with
both transcription factors, only a slight activation of the
three reporter constructs was observed. To further
confirm these indications that ERF11 would bind and
repress the promoters of the ERF6 target genes rather
than withholding ERF6 from activating the targets, we
generated a truncated variant of ERF11, in which the
EAR domain was removed. The signal intensities using
ERF11-EAR were always higher than the signal
obtained with native ERF11, and the truncated ERF11
was unable to inhibit the activation by ERF6 when
cotransformed in a 1:1 ratio (Fig. 4C). Finally, to further
quantify the strength of the transcriptional activation
and repression by ERF6 and ERF11, respectively, we
performed a titration assay using pMYB51:f{LUC (the
promoter on which ERF6 and ERF11 had the most
pronounced effect) in combination with multiple
ERF6/ERF11 ratios (Fig. 4D). The ability of ERF6 to
activate the expression of pMYB5L:f{LUC gradually
decreased with rising ERF11 concentrations. The de-
crease holds until a 1:1 ratio was reached, when pro-
toplasts were transfected with an equal concentration of
35S:ERF6 and 35S:ERF11. Further increase in ERF11
concentration did then no longer dramatically decrease
the ability of ERF6 to activate the pMYB51:fLUC signal,
which reached a plateau. Only when no ERF6 was
present did absolute repression of the pMYB51 by
ERF11 become visible. Based on these experiments, we
conclude that ERF11 antagonizes ERF6 function most
likely through direct competition for the same pro-
moters and plausibly the same cis-regulatory elements.
The resulting effect on target gene expression depends
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on the abundance of each of the transcription factors,
and the activation by ERF6 appears to be stronger than
the repression by ERF11, which occurs through the
presence of the EAR domain.

At Least Two Parallel Pathways Are Upstream of ERF6
and ERF11

Recently, two receptor-like kinases, EGM1 and
EGM?2, were shown to be involved in the mannitol-
induced growth inhibition and were suggested to act
upstream of the ERF5/ERF6 pathway (Trontin et al.,
2014). The latter study analyzed egml and egm2 mu-
tants on higher concentrations of mannitol (60 mwm),
which not only restrict plant growth, but also induce
clear stress symptoms (narrow and curling leaves).
Therefore, we first phenotypically characterized the
egml and egm2 mutant on 25 mM mannitol. Because
EGM1 and EGM2 are tandem-duplicated genes, no
double egmlegm?2 mutant is available, but both genes
are not fully redundant (Trontin et al., 2014). Surpris-
ingly, although egm1 and egm?2 did, as reported, tolerate
high mannitol concentrations (60 mm; respectively, 43%
and 39% larger rosettes than the wild type; P < 0.05)
significantly better, they were not significantly more
tolerant to the mild mannitol concentration (25 mw;
Supplemental Fig. S6A). By contrast, the erfberf6 mutant
grew significantly better than the wild type under low
mannitol stress conditions (P < 0.05, ANOVA; Dubois
et al., 2013) but not on higher mannitol concentrations
(Supplemental Fig. S6B). These differential growth re-
sponses to mannitol suggest that the EGMs and ERF5/
ERF6 are not directly involved in the same linear path-
way. The observation that both egm mutants show a
growth reduction of, on average, 21% and 49% under 25
and 60 mm mannitol stress, respectively, compared with
growth on MS, further indicates that EGM1 and EGM2
are not solely responsible for leaf growth reduction by
mannitol, but that instead, multiple pathways are con-
trolling the mannitol-induced leaf growth inhibition.

EGM1 is known to be transcriptionally induced by
60 mM mannitol in growing leaves (Trontin et al., 2014),
thus in the same tissue as in which ERF5, ERF6, and
ERF11 are induced. Therefore, we further explored the
exact timing of the induction of EGMI upon mannitol
stress and measured the EGMI transcript levels upon
short-term exposure to 25 mm mannitol (as above). Sur-
prisingly, the short-term mild mannitol treatment did not
increase the EGM1 transcript level within the measured
time frame (from 5 to 180 min; Supplemental Fig. S7A).
This is consistent with the short-term expression data from
Skirycz et al. (2011), where the EGM transcript is only
significantly induced 12 h upon mannitol (2-fold induction
at 24 h) but not at 1.5 h nor at 3 h (Supplemental Fig. S7B).
Thus, these results demonstrate that EGM genes are not
transcriptionally induced by mannitol in actively growing
leaves within the same time frame as ERF6 and ERF11.

Finally, we analyzed whether ERF5, ERF6, or ERF11
expression was modified in the egm1 and egm?2 mutant
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backgrounds. To this end, egm1 and egm?2 mutants were
exposed to long-term mannitol (25 and 60 mwm) treat-
ment, and ERF5, ERF6, and ERF11 transcript levels were
measured by qRT-PCR. Under long-term severe man-
nitol stress, the expression level of the selected ERF genes
was significantly lower (on average, 40%) in the egml
mutant than in the wild type, and the same tendency
was found for the egm2 mutant (Supplemental Fig. S8C).
Surprisingly, under control conditions, the ERF6 ex-
pression level in the egm1 mutant was slightly, but signif-
icantly, higher (34%) than in the wild type (Supplemental
Fig. S8A). Moreover, the expression of ERF6 and ERF11 in
the egrm1 mutant under low mannitol concentrations were
down-regulated to levels lower than under control con-
ditions (25% and 66%, respectively; P < 0.05), whereas
levels similar to control conditions would be expected
in the case of a simple linear activating EGM/ERF path-
way (Supplemental Fig. S8B). Thus, although these
results suggest that EGMs are involved in the regula-
tion of ERF expression under severe mannitol stress,
the EGM/ERF pathway is not linear and might act in
parallel with other pathways.

DISCUSSION

As demonstrated before, low concentrations of man-
nitol trigger a dual response in young Arabidopsis
leaves. Mannitol induces, on the one hand, a rapid inhi-
bition of leaf growth and, on the other hand, the tran-
scriptional activation of a plethora of stress-responsive
genes (Skirycz et al, 2010, 2011; Dubois et al.,, 2013;
Trontin et al., 2014). This transcriptional response, in-
volving more than 1,500 genes in growing leaves, is
thought to be established through transcriptional cas-
cades. In a simplified view, one or a few early tran-
scription factors activate multiple other regulators,
which, in turn, activate their own target genes. To
unravel the sequential steps of these cascades and to
distinguish the early players from late-induced stress-
responsive genes, we opted in our previous research
and in the presented article for time-course experiments
following sudden exposure to mannitol (Skirycz et al.,
2011; Claeys et al., 2012). As described previously, ERF5
and ERF6 are among the few early regulators induced
by mannitol and regulate more than one-half of the
early mannitol-induced genes (Skirycz et al., 2011;
Dubois et al., 2013). Here, we show that ERF11 is in-
duced in growing leaves at the same timing as ERF6,
within 1 h upon sudden exposure to mannitol.

ERF6 Induces ERF11 under Mannitol Stress in
Growing Leaves

Although the mechanisms that activate the ERF6 pro-
tein under stress start to be unraveled (Son et al., 2012;
Dubois etal., 2013; Wang et al., 2013), much less is known
abouthow ERF11 is induced by mannitol. Because ERF11
and the known ERF6 target genes are induced simulta-
neously by mannitol, we tested the hypothesis that
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ERF11 could be a target gene of ERF6 by expression
analysis with qRT-PCR and a luciferase assay and con-
firmed the induction of ERF11 by ERF6. Because it is
rather counterintuitive that the activator (ERF6) and its
targets are induced simultaneously, it is important to
emphasize that ERF6 is first activated posttranslationally
upon stress and subsequently activates its downstream
target genes, as well as its own expression. Thus, in
growing leaves of plants exposed to mannitol, ERF11 and
ERF6 are induced simultaneously, because both tran-
scripts are activated by ERF6. We further used this
coexpression as a characteristic to explore whether ERF6
could activate ERF11 under other stress conditions. A
clear coexpression (Pearson correlation coefficient = 0.73)
was observed between ERF6 and ERF11 under numer-
ous biotic and abiotic stress conditions (Supplemental
Fig. S9; Dombrecht et al., 2007; Hruz et al., 2008). Inter-
estingly, a fast and simultaneous induction of ERF6 and
ERF11, similar to our findings upon mannitol-induced
stress, has been reported during short-term cold treat-
ment, where ERF6 and ERF11 were identified among the
very few early (74 genes after 3-h treatment) cold-
responsive genes (Lee et al., 2005) and after 15-min
treatment with the chitin-mimicking compound chi-
tooctaose (Libault et al., 2007). In general, a meta-analysis
of available stress data sets showed that ERF5, ERF6, and
ERF11, as well as STZ and WRKY33, all belong to a
confined group of 197 genes differentially expressed in
more than 80% of the stress-related data sets, suggesting
that they belong to a core set of general stress-responsive
genes (Ma and Bohnert, 2007).

The Regulators Upstream of ERF11 Are Diverse and
Context Dependent

Several other transcription factors have been pro-
posed to transcriptionally regulate ERF11 in different
developmental contexts. The MULTIPROTEIN BRIDGE
FACTORI1c (MBFl1c), a transcriptional coactivator, has
been suggested to act upstream of ERF11 expression,
because ERF11 transcript levels were increased in MBFIc
overexpression lines, although no evidence of direct
regulation was provided (Suzuki et al., 2005). Among
the genes induced upon MBFIc overexpression (steady
state), ERF6 and several ERF6 target genes, such as
GA2-0OX6 and WRKY33, were found, so it cannot be
excluded that ERF6 also induced these genes as a
secondary effect of MBFIc overexpression. Another
identified candidate for transcriptional activation of
ERF11 is the ELONGATED HYPOCOTYL5 (HY5), a basic
leucine zipper (bZIP) transcriptional activator involved
in hypocotyl growth (Lee et al., 2007; Song et al., 2008;
Li et al., 2011). HY5 has been shown to bind the ERF11
promoter in vivo through its preferential CACGTG
binding sequence, present in the 1-kb region upstream of
the ERF11 coding sequence. The ERF11 transcript levels
have also been shown to be decreased in the /5 mutant,
which might be consistent with the more pronounced
hypocotyl growth of this mutant, because ERF11 is able to
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negatively affect growth. Hypocotyl growth is primarily
driven by cell expansion (Boron and Vissenberg, 2014;
Ragni and Hardtke, 2014), a process that ERF11 is able to
control. Finally, the MYC2/JASMONATE-INSENSITIVE1
(JIN1) basic helix-loop-helix (PHLH) transcriptional re-
pressor has been proposed to be a negative regulator of
ERF11 expression during the jasmonic acid-mediated re-
sponse by binding the same CACGTG box in the ERF11
promoter (Dombrecht et al.,, 2007). Thus, multiple tran-
scription factors have been proposed as regulators of
ERF11 expression in different developmental or environ-
mental contexts, and for HY5, MYC2/JIN1, and ERF6,
direct regulation has been found. In contrast to ERF6,
neither MYC2/JIN1 nor HY5 are induced in growing
leaves by low concentrations of mannitol, and under stress,
ERF11 is less coexpressed with these regulators than with
ERF6 (Supplemental Fig. S9). Therefore, we conclude
that ERF11 is transcriptionally regulated by different
transcription factors depending on the context and that
ERF6 might be one of the activators of ERFI11 under
several stresses and particularly under mannitol-induced
stress.

Competition for the Same Promoters at the Molecular Basis
of the ERF6-ERF11 Antagonism

ERF11 is known as a transcriptional repressor, because it
possesses an EAR domain (Ohta et al., 2001; Yang et al.,
2005; Nakano et al., 2006; Li et al., 2011). The simultaneous
induction of a transcriptional activator and repressor sug-
gests the presence of a regulatory network in which the
repressor could attenuate the response induced by the ac-
tivator. Our experimental data support this hypothesis: in a
transgenic line overexpressing both transcription factors,
ERF11 is able to suppress the ERF6-mediated activation of
the downstream genes. In a transactivation assay, com-
petition for the promoter of common target genes was
shown to occur, resulting in either activation by ERF6 or
repression by ERF11 in a concentration-dependent way.
Furthermore, the growth inhibitory pathway induced by
ERF6 was no longer activated when both ERF6 and ERF11
were overexpressed, and the plants overexpressing both
transcription factors did no longer show the ERF6-induced
dwarfism. Similar antagonistic relationships between two
or more regulatory proteins controlling growth and stress
defense have been described in relation to both biotic and
abiotic stress. Generally, the activator and repressor are
both transcriptionally induced by the stress, and this also
holds true for ERF6 and ERF11. For example, upon infec-
tion with Pseudomonas syringae, effector-triggered immu-
nity mechanisms induce both activators of defensive
mechanisms, i.e. resistance to P. syringae4/RCC1 (CHCI)-
LIKE DOMAINI (rps4-RLD1) and several TEOSINTE
BRANCHED1/CYCLOIDEA/PCF (TCP) transcription fac-
tors, as well as the repressor SUPPRESSOR OF rps4-RLD1
(SRFR1; Kim et al.,, 2014). In a similar way, exposure to
UV-B-induced stress induces both HY5 and UV-B RESIS-
TANCES8 (UVRS8) as activators and REPRESSOR OF
UV-B-INDUCED PHOTOMORPHOGENESIS1 (RUP1)
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and RUP2 to antagonize UVRS, although it should be
noted that in this example, RUP1 and RUP2 are not tran-
scription factors (Gruber et al., 2010). In both examples,
however, the antagonism was established through heter-
odimerization of the activating and repressing regula-
tory proteins, resulting in a repressive complex that blocks
further stress response. Despite several attempts, we did
not detect heterodimerization between ERF6 and ERF11.
Moreover, our data showed that ERF11 uses its EAR
domain to repress gene expression and that the truncated
ERF11 without EAR is unable to counteract the activa-
tion by ERF6, demonstrating that ERF6 sequestration by
ERF11 is unlikely to be at the basis of the competition.
Heterodimerization between ERFs is, however, known
to exist and has previously been reported for ERF5 and
ERF6 (Son et al., 2012). This interaction was therefore
included as a positive control in our assays but could not
be validated. Thus, antagonistic relationships between
an activating and a repressing transcription factor occur
both under biotic and abiotic stress to temper the stress
response and can be conferred at the molecular level both
through protein-protein interaction and through com-
petition for shared target genes.

Multiple Players Act Upstream of the ERF6-ERF11 Regulon

Upstream of the ERFs, multiple pathways have
previously been identified in different contexts and
might therefore induce the transcriptional cascade
under mannitol stress. First, a phosphorylation cas-
cade working downstream of the ethylene receptors
and mediated through MPK3 and MPK6 has been
shown to phosphorylate and thereby activate ERF6 in
other abiotic stress contexts (Popescu et al., 2009; Son
et al.,, 2012; Wang et al., 2013). Supporting the in-
volvement of this ethylene-mediated pathway in ac-
tively growing leaves of plants exposed to mannitol,
the time-course experiments showed that ACC in-
duced ERF6 and ERF11 more rapidly than mannitol,
which is consistent with our previously proposed
model in which mannitol first triggers the accumula-
tion of ACC, which, in turn, activates several ERFs
(Skirycz et al., 2011). However, a recent study identi-
fied two putative receptor-like kinases, EGM1 and
EGM2, as possible activators upstream of the mannitol-
induced ERFs (Trontin et al., 2014). If so, our results
suggest that their activation by mannitol should occur
at the posttranscriptional level, because it was shown
that their transcriptional induction was much slower
than the up-regulation of the ERFs. Furthermore, phe-
notypic analysis of egml, egm2, and erfoerf6 mutants
under control conditions and mild and severe man-
nitol stress demonstrated that the egm mutants did not
phenocopy the erfSerfé mutant under stress: the egm
mutants were more tolerant to severe stress, and the
erfoerf6 mutant was more tolerant to mild stress. Based
on these results, we speculate that ERF5 and ERF6 are
induced by low mannitol concentrations and regulate
growth under these conditions, while EGM proteins
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Figure 5. Schematic overview of the putative roles of ERF6 and ERF11
under stress. Under basal levels of stress (plain arrows and proteins),
ERF11 and ERF6 are lowly expressed. Low levels of ERF11 proteins are
sufficient to repress the activation of the stress response mechanisms, as
they are likely more abundant than the active, phosphorylated ERF6
proteins. Under higher stress levels (dashed arrows and proteins), ACC
accumulates and MPK3/MPK6 phosphorylates and thereby activates
ERF6. ERF6 now outcompetes ERF11 proteins on the promoter of the
target genes, activating tolerance mechanisms and growth inhibition.
However, ERF6 also transcriptionally activates ERF11, increasing ERF11
protein levels, which enables a rapid inhibition of the stress response
when the stress levels decrease. P, Phosphorylation residue.

are more likely to be involved in tolerance against
more severe stress levels. Thus, although EGM proteins
and ERF5 and ERF6 are all involved in the mannitol-
induced stress response, it is unlikely that they act in a
same linear pathway. The reduced ERF5, ERF6, and
ERF11 expression levels in egm mutants grown on high
mannitol concentrations nonetheless indicate that the
EGM proteins are involved in the activation of these
ERFs. Thus, although the way in which EGMs might
regulate ERF expression under mannitol stress still re-
mains highly elusive, our experiments demonstrate
that several pathways interact at multiple levels, prob-
ably in a concentration-dependent manner, rendering
the stress response extremely complex.
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A Model for the Antagonism between ERF6 and ERF11 in
the Regulation of Leaf Growth under Stress

Based on our results, we propose the following model
for the role of ERF6 and ERF11 in the regulation of leaf
growth under stress (Fig. 5). Prior to stress, ERF11 and
ERF6 are lowly expressed and their expression varies
throughout the day. ERF11, which, to our knowledge,
does not possess any putative phosphorylation site for
posttranslational regulation (Nakano et al., 2006), is
likely to be active and restricts the expression of GA2-
OX6 and the stress-responsive genes such as MYB5I.
ERF6, by contrast, is known to need activation through
phosphorylation by MPK3 and MPK6 to activate
downstream targets (Son et al., 2012; Meng et al., 2013;
Wang et al., 2013). However, because growth conditions
are never optimal, low levels of ERF6 proteins are
probably sporadically phosphorylated. In this low level
of stress context, the sporadically activated ERF6 pro-
teins cannot compete with the ERF11 repressive pro-
teins. Plant growth is sustained, because the ERF6/
ERF11 balance is equilibrated. Disturbing this balance
by, for example, overexpressing only ERF6 or ERF11
clearly affects leaf growth, while overexpression of both
restores the balance and thereby growth. When plants
gradually perceive stress, rising, but still mild, stress
levels cause phosphorylation of ERF6, and the ratio of
active ERF6 is likely to dramatically increase, resulting in
out-competition of ERF11 by ERF6 on the promoters of
their target genes and in a net activation of the targets by
ERF6. As demonstrated by luciferase assays, activation of
targets by ERF6 was stronger than repression by ERF11
when ERF6 levels exceeded ERF11 levels. Thereby, growth
is blocked and defense mechanisms are activated to safe-
guard plant survival. However, higher amounts of active
ERF6 proteins also generate the production of more ERF11
proteins. When stress levels are again declining, this rela-
tively high amount of ERF11 proteins is able to rapidly
block the stress response when ERF6 activity levels are
decreasing to rapidly switch off the stress response when it
becomes unnecessary.

The ERF6-ERF11 Loop May Be a General Module to
Fine-Tune Stress Responses

The literature also contains many examples of stud-
ies, mainly biotic stress related, in which ERF6 and
ERF11 were found among the differentially expressed
genes, although the experiments were not conducted on
growing leaves but rather on mature leaf tissue or
complete seedlings (McGrath et al., 2005; AbuQamar
etal., 2006; Dombrecht et al., 2007; Eulgem and Somssich,
2007; Libault et al., 2007; Ma and Bohnert, 2007; Hu et al.,
2008; Moffat et al., 2012; Son et al., 2012; Meng et al., 2013;
Vermeirssen et al., 2014). In brief, ethylene and the de-
scribed ERFs are generally induced in response to
necrotrophic pathogens such as Botrytis cinerea and
control the expression of the plant defensive proteins
PDF1.1 and PDF1.2. Moreover, the described tar-
get genes of ERF6 and ERF11, i.e. STZ, WRKY33, and
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MYB51, were reported to be involved in tolerance
against biotic stress as well. This suggests that the pre-
sented regulatory network might be active in a broader
context than growing leaf tissue. Thus, we speculate that
the described balance might also be involved in mature
leaves to avoid uncontrolled activation of the defensive
response upon biotic stress exposure. Because mannitol
is a molecule secreted by fungal pathogens during the
infection process (Trontin et al., 2014), it might mimic
such a biotic stress response in vitro. At low concentra-
tions, mannitol was found to induce the presented reg-
ulatory network only in actively growing leaves, but at
higher concentrations, the ERFs were also induced in
complete seedlings. Thus, the presented ERF-centered
network might be functional during different develop-
mental stages of leaf growth, depending on the severity
of the stress. For this reason, future studies to elucidate
the role of ERF6 and ERF11 in different stress contexts
and different tissues should take development, stress
levels, and timing into account, not confounding grow-
ing leaves and, in seedlings, low stress levels and severe
stress, and the short-term stress response and the long-
term adaptive response, because it is likely that the
subtle balance between plant growth and stress defense
is regulated in a specific way in these different contexts.

CONCLUSION

In this study, we uncovered the presence of a nega-
tive feedback mechanism to balance growth and de-
fense upon exposure to mild mannitol-induced stress.
We demonstrated that the transcriptional repressor
ERF11 is able to counteract the action of the activator
ERF6 by inhibiting their common target genes in a
dose-dependent manner. Further investigations are,
however, necessary to elucidate the exact mechanism
occurring in leaves and should include analysis for
competition on the same cis-regulatory elements and in
planta protein-protein interaction studies. We specu-
lated that inhibition of the downstream responses by
ERF11 ensures sustained growth under low-stress
conditions. Upon sudden exposure to mannitol, the
expression of both transcription factors is induced si-
multaneously in growing Arabidopsis leaves, activated
upstream by both an ethylene-mediated cascade and
through a mannitol receptor-mediated pathway. In
these stress conditions, the balance is shifted toward
extensive activation of ERF6, the levels of which in-
crease exponentially through an autoactivation loop,
causing the activation of the growth inhibitory path-
way and the induction of downstream tolerance-related
transcription factors. In parallel, the activation of the
repressive factor ERF11 functions as a brake to coun-
teract the ERF6-driven activation and to ensure proper
restoration of the balance when the stress levels are
again decreasing. Consistently, the generation of trans-
genic plants in which the balance is disturbed in one or
the other direction generates plants with pronounced
growth penalties, while plants overexpressing both the
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activator and the repressor have a reequilibrated bal-
ance and therefore normal growth phenotypes. The de-
scribed balance likely occurs in all shoot tissues and
conditions where ERF6 and ERF11 are expressed but
might fulfill different functions and therefore result in
a specific outcome depending on the exact context. In
actively growing Arabidopsis leaves, it provides a tightly
regulated, but flexible, system to control leaf growth in
a dynamic way upon continuously changing environ-
mental stress conditions.

MATERIALS AND METHODS
Plant Lines

The single erf5, erf6, and erfl1 mutants were obtained from the SALK col-
lection (references SALK_076967 [erf5], SALK_030723 [erf6], and SALK_116053
[erf11]). The egm1 and egm?2 mutants were described by Trontin et al. (2014) and
were kindly provided by Olivier Loudet. All lines used are in Columbia
background.

Soil Plant Growth Conditions and Individual Leaf
Area Measurements

Plants were grown in Gottinger pots (8 X 8 X 8.5 cm) filled with soil (Saniflor,
without osmocote) at 21°C under a 16-h-day (110 umol m2s™) and 8-h-night
regime. Pots were covered with transparent plastic foil for 4 d to stimulate
germination. Watering with 15 mL of water was applied at 9, 13, 16, and 20
DAS. In experiments in which GR lines were used, plants were watered with
15 mL of a 15 um dexamethasone-containing solution. For leaf size measure-
ments, 12 plants were grown per line, the transgenic lines were always grown
together with the appropriate control on the same tray, and randomization
was done between the genotypes. At 22 DAS, plants were harvested, and leaf
series were made by cutting each individual leaf of the rosette and ranking
them from old to young on a square agar plate. Plates were photographed, and
pictures were subsequently analyzed using Image] version 1.45 (National
Institutes of Health; http:/ /rsb.info.nih.gov/ij/) to measure the size of each
individual leaf.

In Vitro Plant Growth Conditions and Experiments

Seedlings were grown in vitro on one-half-strength MS medium (Murashige
and Skoog, 1962) containing 1% (w/v) Suc at 21°C under a 16-h-day (110 wmol
m™? s™) and 8-h-night regime. For long-term experiments without transfer,
9 g L™ agar was added to the medium. To facilitate transfer for the short-term
experiments, 6.5 g L™ agar was used, and the growth medium was overlaid
with a nylon mesh (Prosep) of 20-um pore size. For leaf growth experiments
and expression analyses, 32 and 64 seeds, respectively, were distributed equally
on a 14-cm-diameter petri dish. To enable correct comparisons, the different
lines were always grown together on one plate with the appropriate control.

Exposure to Long-Term Mannitol Stress and Rosette
Growth Analysis

For long-term exposure to mannitol stress, plants were grown on one-half-
strength MS medium containing 9 g L™ agar and 25 or 60 mum mannitol, and
plates were photographed at 22 DAS. The pictures were subsequently analyzed
using Image] version 1.45 to measure the size of each individual rosette.

Exposure to Short-Term Mannitol Stress or ACC- and
Dexamethasone-Induced Expression of ERF6 and/or ERF11

Arabidopsis (Arabidopsis thaliana) seedlings were grown in vitro on one-half-
strength MS medium overlaid with a nylon mesh until the third leaf had completely
emerged from the shoot apical meristem but was still in a fully proliferative stage, at
9 DAS (except for the experiments performed for Fig. 4A, where the transfer was
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done at 15 DAS). At this time point, the mesh with plants was transferred to plates
with one-half-strength MS medium containing 25 mm mannitol (plant culture
tested; Sigma), 5 um ACC (Sigma), or 5 um dexamethasone (Sigma).

For expression analysis performed for Figure 1, the young Arabidopsis
seedlings were harvested after 5, 10, 15, 30, 45, 60, 120, and 180 min of stress
exposure, followed by microdissection of the third true leaf for leaf growth
analysis (less than 0.1 mm? in size).

Leaf Growth Analysis

Leaf growth analysis over time was performed on the third trueleaf harvested
at different time points after transfer to dexamethasone. After clearing with 70%
ethanol, leaves were mounted in lactic acid on microscopic slides. For each time
point, about 15 to 20 leaves per genotype were photographed with a binocular,
and abaxial epidermal cells (100-200) were drawn for three representative
leaves with a DMLB microscope (Leica) fitted with a drawing tube and a dif-
ferential interference contrast objective. Photographs of leaves and drawings
were used to measure leaf area and cell size, respectively, using Image]J version
1.45, and average cell numbers were calculated by dividing the leaf area by the
drawn area followed by multiplication of this factor with the number of drawn
pavement cells. Calculated cell areas were In transformed prior to all subse-
quent analyses.

Expression Analysis (QRT-PCR)

RNA samples were obtained from three independent experiments and from
multiple plates within each experiment. For the experiments depicted in Figure
1, whole seedlings were harvested rapidly, submerged in 6 mL of the mRNA-
stabilizing RNAlater solution (Ambion), and after overnight storage at 4°C,
dissected under a binocular microscope on a cooling plate with precision
microscissors. Dissected leaves were transferred to a new tube, frozen in liquid
nitrogen, and ground with a Retsch machine and 3-mm metal balls. For the
experiments depicted in Figures 2D and 4A, the third true leaf was harvested,
frozen immediately in liquid nitrogen, and ground. The harvesting of samples
during the night was performed under green light. RNA was subsequently
extracted with TriZol (Invitrogen) and further purified with the RNeasy Mini
Kit (Qiagen). DNA digestion was done on columns with RNase-free DNase I
(Invitrogen).

For complementary DNA synthesis, the iScript cONA Synthesis Kit (Bio-Rad) was
used according to the manufacturer’s instructions using 1 ug of RNA. qRT-PCR was
done on a LightCycler 480 (Roche Diagnostics) in 384-well plates with LightCycler
480 SYBR Green I Master Mix (Roche) according to the manufacturer’s instructions.
Melting curves were analyzed to check primer specificity. Normalization was done
against the average of housekeeping genes AT1G13320, AT2G32170, AT2G28390:
ACt = Ct (gene) — Ct (mean [housekeeping genes]) and AACt = ACt (control line)
— ACt (line of interest), where Ct refers to the number of cycles at which SYBR Green
fluorescence reaches an arbitrary value during the exponential phase of am-
plification. Primers were designed with the QuantPrime Web site (Arvidsson
et al., 2008; Skirycz et al., 2010). Primers used in this study are as follows: ERF5,
AAATTCGCGGCGGAGATTCGTG and TCAAACGTCCCAAGCCAAACGC; ERF6,
TCGAATCCTCCTCGCGTTACTG and TTCGGTGGTGCGATCTTCAACG; ERF11,
ATGGCACCGACAGTTAAAAC and TCAGTTCTCAGGTGGAGGA; EGM,
TGGCTCATGTGTGGTCAATCTGG and TCATTAGCAGCGTCTTGCACAG;
GA2-OX6, TGGATCCCAATCCCATCTGACC and TCTCCCATTCGICAATGCCTGAAG;
MYB51, GCCCTTCACGGCAACAAATG and GGITATGCCCTTIGIGIGTAACIGG; STZ,
TCACAAGGCAAGCCACCGTAAG and TTGTCGCCGACGAGGTTGAATG;
and WRKY33, CTTCCACTTGTTTCAGTCCCTCTC and CTGTGGTTGGA-
GAAGCTAGAACG.

Protoplast Activation Assay

The protoplast activation assay was performed as previously described (De
Sutter et al., 2005; Pauwels et al., 2010). All transformation constructs were
obtained using the Gateway cloning system, and all liquid handlings were done
on the Tecan Genesis automated platform (De Sutter et al., 2005). The protoplast
activation assay was performed in a 3-d-old Bright Yellow-2 (BY-2) tobacco
(Nicotiana tabacum) cell culture subcultured from a 6- to 10-d-old culture. BY-2
cells were protoplasted using a 1% Cellulase (Kyowa Chemical Products) and
0.1% Pectolyase (Kyowa Chemical Products) enzyme solution in a 0.4% man-
nitol (Sigma) buffer. Protoplasts were then washed, counted, and diluted to
500,000 mL™". For every transcription factor-promoter combination, 100 uL
(50,000 protoplasts) was used. To confirm the activating and repressing
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regulatory effect of ERF6 or ERF11, respectively, on the promoters of ERF6,
ERF11, STZ, MYB51, and WRKY33, protoplasts were cotransfected with 35S:
ERF6 or/and 35S:ERF11 (in p2GW7) and pERF6:fLUC, pERF11:fLUC, pSTZ:
fLUC, pMYB51:fLUC, or pWRKY33:fLUC (in pM42GW?7). Promoters were
defined as the 2,000 bp upstream of the start codon. fLUC encodes the firefly
luciferase enzyme. Every protoplast sample was transfected with 2 ug per
construct as well as with 2 ug of normalization construct expressing the Renilla
luciferase (rLUC) enzyme. For the experiments depicted in Figure 5C, the used
amounts of 355:ERF6 and 35S:ERF11 constructs were, respectively, 4 and 0 ug
(1:0ratio), 3and 1 ug (3:1), 2.68 and 1.32 ug (2:1),2 and 2 ug (1:1), 1.32 and 2.68 ug
(1:2), 1and 3 g (1:3), and 0 and 4 ug (0:1). Transformed protoplasts were further
grown by gentle shaking overnight in the dark in BY-2 medium to allow ex-
pression of the constructs. The next day, the BY-2 medium was removed and
protoplasts were lysed in Cell Culture Lysis Reagent (Promega). Protoplast con-
tent was transferred to Nunc plates (Thermo Scientific), and fLUC and rLUC
activities were measured using the Dual Luciferase Assay (Promega) and the
LumiStar Galaxy (De Sutter et al., 2005). Measured fLUC activities were then
normalized to rLUC activities.

Quantitative Y2H

For the protein-protein interaction analysis with quantitative Y2H, the ERF6 or
ERF11 coding sequence was fused N-terminally to either the GAL4BD (DNA-
binding domain of GAL4, bait) or the GAL4AD (activation domain, prey). Each
transcription factor was used both as a bait and as a prey, generating four possible
construct combinations. For each combination, the two constructs were cotrans-
formed in competent yeast (Saccharomyces cerevisiae) cells of the PJ69-4A strain
using polyethylene glycol lithium acetate-mediated transformation. As a control,
each construct was also cotransformed with an empty vector to detect autoacti-
vation. For the quantitative assay, yeast cultures were grown overnight in liquid
synthetic defined (Clontech) minimal medium supplemented with an amino acid
mix without Leu and Trp (-L-W dropout supplement, Clontech). The next day, the
optical density at 600 nm was determined and used to start new cultures with
equal amounts of yeast cells, either in nonselective medium (synthetic defined -L-W)
or in selective medium (without Leu, Trp, and His, Clontech). The selective cul-
tures were supplemented with 5, 25, or 50 mm 3-amino-1,2,4-triazole (Sigma) to
distinguish autoactivation from protein-protein interaction. Upon 24 h of growth,
the optical density at 600 nm was measured to quantify the growth, and the
nonselective cultures were measured as a control.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Transcriptional induction of ERF6 target genes
upon short-term exposure to mannitol.

Supplemental Figure S2. Expression level of ERF11 in the erf11 T-DNA line.

Supplemental Figure S3. Rosette phenotype of ERFII-overexpressing
plants grown in soil.

Supplemental Figure S4. Effect of ERF11 on ERF6 expression.
Supplemental Figure S5. Quantitative Y2H assay with ERF6 and ERF11.

Supplemental Figure S6. Growth measurements of egml, egm2, and
erfoerf6 on mild and severe mannitol stress.

Supplemental Figure S7. Expression analysis of EGM in young Arabidop-
sis leaves upon short-term mannitol treatment.

Supplemental Figure S8. Expression levels of ERF5, ERF6, and ERF11 in
the egm1 and egm?2 mutants.

Supplemental Figure S9. Coexpression analysis of ERF11 and its putative
regulators under multiple stress-related conditions.
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