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The phytohormone gibberellin (GA) plays a key role in promoting stem elongation in plants. Previous studies show that
GA activates its signaling pathway by inducing rapid degradation of DELLA proteins, GA signaling repressors. Using an
activation-tagging screen in a reduced-GA mutant ga1-6 background, we identified AtERF11 to be a novel positive
regulator of both GA biosynthesis and GA signaling for internode elongation. Overexpression of AtERF11 partially
rescued the dwarf phenotype of ga1-6. AtERF11 is a member of the ERF (ETHYLENE RESPONSE FACTOR) subfamily
VIII-B-1a of ERF/AP2 transcription factors in Arabidopsis (Arabidopsis thaliana). Overexpression of AtERF11 resulted in
elevated bioactive GA levels by up-regulating expression of GA3ox1 and GA20ox genes. Hypocotyl elongation assays
further showed that overexpression of AtERF11 conferred elevated GA response, whereas loss-of-function erf11 and
erf11 erf4 mutants displayed reduced GA response. In addition, yeast two-hybrid, coimmunoprecipitation, and transient
expression assays showed that AtERF11 enhances GA signaling by antagonizing the function of DELLA proteins via direct
protein-protein interaction. Interestingly, AtERF11 overexpression also caused a reduction in the levels of another
phytohormone ethylene in the growing stem, consistent with recent finding showing that AtERF11 represses
transcription of ethylene biosynthesis ACS genes. The effect of AtERF11 on promoting GA biosynthesis gene expression
is likely via its repressive function on ethylene biosynthesis. These results suggest that AtERF11 plays a dual role in
promoting internode elongation by inhibiting ethylene biosynthesis and activating GA biosynthesis and signaling
pathways.

Bioactive gibberellin (GA), a diterpenoid com-
pound, is an allosteric inducer of its nuclear receptor
GIBBERELLIN INSENSITIVEDWARF1 (GID1;Ueguchi-
Tanaka et al., 2005; Murase et al., 2008; Shimada et al.,
2008). Acting downstream of GID1, the DELLA proteins
are transcription regulators that repress GA signaling
and restrict plant growth by causing transcriptional
reprogramming (Ueguchi-Tanaka et al., 2007). Binding of
GA to GID1 enhances the interaction between GID1 and
DELLA, resulting in rapid degradation ofDELLAs via the
ubiquitin-proteasome pathway. In Arabidopsis (Arabi-
dopsis thaliana), DELLAs are members of the GRAS (GA
INSENSITIVE [GAI], REPRESSOR OF ga1-3 [RGA], and
SCARECROW) family of regulatory proteins (Tian et al.,
2004). Like all GRAS family members, DELLA contains a
conserved C-terminal GRAS domain that confers the
transcription regulator function. The unique DELLA do-
main in the N terminus of the protein is required for
GA-induced degradation via GID1 binding (Dill et al.,
2001; Itoh et al., 2002; Griffiths et al., 2006; Murase et al.,
2008); this domain is absent in other GRAS family mem-
bers. Among the five DELLAs (RGA, GAI, RGA-LIKE1

[RGL1], RGL2, and RGL3) in Arabidopsis, RGA and
GAI are the major DELLAs for regulating GA-induced
vegetative growth (Dill and Sun, 2001; King et al., 2001).

Recent studies also show that DELLAs integrate
GA and other signaling pathways by antagonizing or en-
hancing functions of key regulators in other pathways via
direct protein-protein interactions (Xu et al., 2014; Daviere
and Achard, 2016). Most of the DELLA-interacting
proteins are transcription factors or transcription reg-
ulators. Examples of DELLA-inhibited transcription
factors/regulators include bHLH transcription factors,
PIFs, in light signaling (de Lucas et al., 2008; Feng et al.,
2008); the jasmonic acid (JA) signaling repressors,
JAZs (Hou et al., 2010; Yang et al., 2012); ETHYLENE
INSENSITIVE3 (EIN3), an ethylene signaling activator
(An et al., 2012); and BRASSINAZOLE-RESISTANT1, a
brassinosteroid signaling activator (Bai et al., 2012).
DELLA-activated transcription factors include type-B
ARABIDOPSIS RESPONSE REGULATORs (Marín-de
la Rosa et al., 2015), ABSCISIC ACID INSENSITIVE3
(ABI3), andABI5 (Lim et al., 2013). Other types of DELLA
interactors include chromatin-remodeling complexes
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(Switch/Suc Nonfermenting, and a Chromodomain-
Helicase-DNA-binding domain-containing protein
PICKLE; Sarnowska et al., 2013; Zhang et al., 2014),
RING domain proteins BOTRYTIS SUSCEPTIBLE1
INTERACTOR (BOI) and BOI-RELATED GENEs
(BRG1, BRG2, and BRG3; Park et al., 2013), and subunits
of the prefoldin complex for tubulin folding (Locascio
et al., 2013). These findings indicate that protein-protein
interaction is a central regulatorymechanism inDELLA-
modulated plant development. Although a number of
DELLA-interacting proteins have been reported, our
current knowledge on how DELLAs regulate plant
growth and development is still limited.
To uncover new regulators of the GA pathway, we

performed an activation-tagging mutant screen and
identified AtERF11, a member of the ERF (ETHYLENE
RESPONSEFACTOR)/AP2 (APETALA2) family (Nakano
et al., 2006), as a novel regulator of GA pathway. Our
results show that AtERF11 promotes cell elongation by
increasing bioactive GA accumulation. ERF11 also en-
hances GA responses by directly antagonizing DELLA
function through protein-protein interaction. Interest-
ingly, ERF11 has been reported to repress genes en-
coding ethylene biosynthetic enzymes (ACC synthases
[ACSs]) (Li et al., 2011). Therefore, ERF11 may provide
a molecular link between GA and ethylene pathways
in modulating internode elongation.

RESULTS

Identification of ERF11 as a Positive Regulator of Internode
Elongation through an Activation-Tagging Approach

To identify positive components of the GA signaling
pathway, an activation-tagging mutant screen was

employed to isolate mutants that grow taller than pa-
rental ga1-6 plants. The ga1-6 mutant is a GA-deficient
semidwarf because of a missense mutation in GA1
(AtCPS) that encodes ent-copalyl diphosphate synthase
(CPS) for GA biosynthesis (Sun et al., 1992; Sun and
Kamiya, 1994). We reasoned that enhanced expression
of positive regulators of the GA pathway would lead to
a taller phenotype in this semidwarf mutant back-
ground. The ga1-6 plants (backcrossed four times to
Col-0) were transformed with Agrobacterium tumefa-
ciens that carried four copies of 35S transcriptional
enhancers linked to a constitutively expressed BASTA
resistance gene (Weigel et al., 2000). Approximately
12,500 T1 transformants were screened for increased
final height. Among the mutants identified, mutant
#279-2 was dramatically taller than the parental ga1-6
plants, an average height of 28.5 cm versus 18.3 cm
(Fig. 1, A and B).

The #279-2 mutant contains a single T-DNA insertion
site, as the linked BASTA resistance gene segregated 3:1
in the T2 generation. Thermal asymmetric interlaced
PCR (TAIL-PCR) revealed that the activation tag in
#279-2 is inserted in chromosome 1 between At1g28360
and At1g28370, which encode two members of the
ERF family, AtERF12 and AtERF11, respectively
(Supplemental Fig. S1A). RT-qPCR further showed that
the transcript levels of AtERF11 (At1g28370) were 18.3-
fold higher in the mutant #279-2 than in the ga1-6 con-
trol (Fig. 1C). In contrast, the expression levels of the
other two adjacent genes, At1g28360 (AtERF12) and
At1g28375 (an expressed endomembrane protein),
were unchanged or only 3-fold higher, respectively, in
#279-2 compared to ga1-6 (Supplemental Fig. S1A). To
verify whether overexpression of ERF11 causes the
mutant phenotype of #279-2, we generated transgenic
ga1-6 plants carrying CaMV 35S promoter:HA-ERF11-
GFP (ERF11-OE lines). Indeed, the final heights of these
ERF11-OE lines correlated with ERF11 protein levels in
these plants (Fig. 1, A and D). The line with the highest
ERF11 protein expression (#1-1) reached a similar final
height as #279-2 (Fig. 1A), indicating that over-
expression of ERF11 is responsible for the observed tall
phenotype. Mutant #279-2 will be referred to as erf11-
1D ga1-6 in the rest of this report; the homozygous
erf11-1D ga1-6 double mutant in the T5 generation was
used for all data presented here.

To understand better the effect of overexpression of
ERF11 on stem elongation, the inflorescence stem of
erf11-1D ga1-6 was characterized in more detail. erf11-
1D ga1-6 produced a similar number of siliques as ga1-6
(Supplemental Fig. S1B), but with 82.3% longer inter-
nodes that contributed to the increased final height of
the mutant (Fig. 1, E and F). Scanning electron micros-
copy analysis revealed that the longer internode in
erf11-1D ga1-6 is caused by increased cell length (Fig. 1,
G and H), but not greater cell numbers (Supplemental
Fig. S1C). A previous study indicated that ERF11 is
expressed ubiquitously in different tissues of wild-
type plants; however, the highest transcript levels
were detected in leaves and stems (Yang et al., 2005).
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Consistent with this ERF11 expression pattern, the ro-
sette leaves of erf11-1D ga1-6 were 22.7% larger than
ga1-6 (Fig. 1, I and J). In addition to the longer internode
length and larger rosette size, erf11-1D ga1-6 flowered
slightly earlier and displayed increased fertility com-
pared to ga1-6 (Supplemental Table S1).

AtERF11 is a member of the ERF subfamily VIII-B-1a
of ERF/AP2 transcription factors. There are eight
members in this subfamily (ERF3, 4, and 7–12); each of
them contains an ERF/AP2 domain and a transcription
repression EAR motif (DLNxxP; McGrath et al., 2005;
Nakano et al., 2006). Recently, AtERF11 was shown to
inhibit ethylene biosynthesis by binding to the pro-
moters of two ACC synthase genes ACS2 and ACS5 to
repress their expression (Li et al., 2011). Furthermore,
overexpression of another VIII-B-1a ERF member,
AtERF4, confers reduced ethylene sensitivity in hy-
pocotyl growth (Yang et al., 2005). Similar to erf11-1D
ga1-6, overexpression of AtERF4 or AtERF8 (another
close homolog of ERF11 in the same subfamily) also
resulted in increased final height in the ga1-6 back-
ground (Supplemental Fig. S1D). We also generated
the erf11-1D single mutant by backcrossing erf11-1D
ga1-6 to the wild-type Col-0 and found that erf11-1D
is taller with 26.5% longer internodes than the wild-
type (Fig. 1, K and L). Moreover, the erf11 knockout
mutant showed slightly shorter final height and in-
ternode length compared with wild-type Col-0; the
erf11 erf4 double homozygous mutant displayed even
shorter stems compared to Col-0 and the erf11 single
mutant (Fig. 1, K and L). Consistent with the shorter
stem phenotype, the rosette leaf length of the erf11 erf4
double mutant was slightly reduced comparing with
the wild type (Supplemental Fig. S1E). These results
indicated that ERF11 and its close homologs share
redundant function in promoting stem elongation and
rosette leaf expansion.

Overexpression of ERF11 Causes Elevated Bioactive GA4
and Reduced Ethylene Levels in the Growing Internodes

To determine whether the longer internodes of erf11-
1D ga1-6 are caused by increased levels of bioactive
GAs, we first analyzed the transcript levels of GA bio-
synthesis and catabolism genes that are important for
vegetative growth (Mitchum et al., 2006; Rieu et al.,

Figure 1. Overexpression of ERF11 increased plant height by promot-
ing cell elongation. A, The tall phenotype of mutant #279-2 (renamed
erf11-1D ga1-6) was recapitulated by expressing 35S:HA-ERF11-GFP
(ERF11-OE) in the ga1-6 background. Plant image was taken 50 d after
planting. #1-1, #1-2, and #2-8 are three independent ERF11-OE ga1-6
transgenic lines (T2 generation). B, The final height of erf11-1D ga1-6 is
taller than ga1-6. n = 24. C, The ERF11 transcript levels are significantly
higher in erf11-1D ga1-6 than in ga1-6. Data represent RT-qPCR results
using RNA isolated from 8-d-old seedlings. A GA-nonresponsive gene
(At4g33380) was used to normalize different samples. Means 6 SE of
four repeats (from two biological replicas, two technical repeats each)
are shown. The level in ga1-6 was set to 1. D, HA-ERF11-GFP protein
levels correlated with the plant heights in A. The immunoblot contains
proteins from 8-d-old seedlings of three transgenic ERF11-OE ga1-6
lines as described in A and was probed with an anti-HA antibody. The
bottom panel shows equal loading by Ponceau staining. E and F,

Internodes in erf11-1D ga1-6 were longer than in ga1-6. Average in-
ternode lengths of 70-d-old ga1-6 and erf11-1D ga1-6 were calculated
by dividing the length of the primary stem from the apex to the last
secondary inflorescence with the total numbers of nodes. n = 24. G and
H, The average epidermal cell length in the primary stem of erf11-1D
ga1-6 is longer than in ga1-6. In G, n $ 600. H, scanning electron
microscopy images of the internodes of 70-d-old plants. A representa-
tive cell in each line was outlined. I and J, erf11-1D ga1-6 and
ERF11-OE ga1-6 double homozygousmutants have larger rosette leaves
than ga1-6. Images in I show 33-d-old plants. In J, n = 20. K and L, The
final heights (K) and internode lengths (L) of erf11 and erf4 erf11mutants
are shorter than those of the wild type. n = 24. In B, C, F, G, and J to L,
data are means 6 SE. *P , 0.05; **P , 0.01.
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2008a, 2008b) by RT-qPCR.We found that expression of
several GA biosynthesis genes, including GA20ox1,
GA20ox2, and GA3ox1, was up-regulated in the inter-
nodes of erf11-1D ga1-6 compared with ga1-6, while a
GA catabolism gene, GA2ox6, was down-regulated in
erf11-1D ga1-6 (Fig. 2A). In contrast, GA3ox2 mRNA
levels were not altered (Fig. 2A). GA analysis further
showed that the GA4 level in the rosette leaves of erf11-
1D ga1-6 was about 2-fold higher than that in ga1-6

(Fig. 2B). Our previous study showed that a 2-fold
reduction in GA4 levels in the Arabidopsis rosette
leaves could lead to a 2-fold reduction in the final plant
height (Mitchum et al., 2006).

Consistent with the elevated GA levels in erf11-1D
ga1-6, the amounts of RGA protein (an Arabidopsis
DELLA) in the internodes of erf11-1D ga1-6 were
much lower than in ga1-6 (Fig. 2C), even though RGA
mRNA levels were not altered by erf11-1D (Fig. 2D).
Taken together, overexpression of ERF11 in erf11-1D
ga1-6 caused elevated bioactive GA4 levels through
up-regulation of GA biosynthesis genes and down-
regulation of a GA catabolism gene, which subse-
quently led to DELLA degradation and internode
growth.

Being an EAR-containing transcription repressor,
ERF11 is unlikely to up-regulate expression of GA bio-
synthesis genes directly. Instead, the elevated GA
levels and longer internodes of erf11-1D ga1-6 may be
due to reduced ethylene levels because ERF11 is known
to inhibit ethylene biosynthesis by down-regulating
ACS2 and ACS5 transcription (Li et al., 2011) and en-
hanced ethylene signaling decreases bioactive GA
levels in Arabidopsis rosette plants (Achard et al.,
2007). To test this possibility, the transcript levels of
ACS2 in the internodes of erf11-1D ga1-6 and ga1-6were
analyzed by RT-qPCR. As predicted, expression of
ACS2was approximately 5-fold lower in the internodes
of erf11-1D ga1-6 than in ga1-6 (Fig. 2E). Moreover, the
ethylene production in internodes of erf11-1D ga1-6was
60% lower than in ga1-6 (Fig. 2F). Consistently, erf11-1D
displayed reduced ethylene response (Supplemental
Fig. S1F), whereas erf11 and erf4 erf11 showed increased
ethylene response (Supplemental Fig. S1G). These re-
sults indicated that the taller phenotype caused by
overexpression of ERF11 is due to elevated bioactive
GA4 levels and decreased ethylene levels.

ERF11 Positively Regulates GA Responses

The above data indicated that ERF11 promotes bio-
active GA accumulation. Interestingly, our hypocotyl
elongation assays showed that ERF11 also enhances
GA response (Fig. 3; Supplemental Fig. S2A). The erf11
single mutant displayed slightly reduced GA response
compared to the wild type, and the erf11 erf4 double
mutant showed a further reduction in GA response
(Fig. 3, A and C). Consistent with these results, over-
expression of ERF11 (due to erf11-1D) caused an ele-
vated GA response; both the double mutant erf11-1D
ga1-6 and the single erf11-1D mutant displayed in-
creased GA response compared to ga1-6 and Col-0, re-
spectively (Fig. 3, B and D; Supplemental Fig. S2A). We
also examined RGA protein levels in seedlings of ga1-6
and erf11-1D ga1-6 in response to GA treatments.
Supplemental Figure S2B shows that RGA levels de-
creased in both lines in response to GA treatments, al-
though RGA accumulated to lower levels in erf11-1D
ga1-6 than in ga1-6 when untreated or with 0.01 mM

Figure 2. Elevated bioactive GA levels and reduced ethylene levels in
erf11-1D ga1-6. A, Relative mRNA levels of GA biosynthesis genes (left
panel) and GA catabolism gene (right panel) in the internodes of ga1-6
and erf11-1D ga1-6. Data represent means 6 SE of four repeats. **P ,
0.01. The levels in ga1-6were set to 1. B, GA4 levels (ng/g dry weight) in
erf11-1D ga1-6 were elevated comparing to ga1-6. GA4 contents in
rosette leaves of 33-d-old plants were analyzed using two biological
repeats. Due to very low levels of bioactive GA4 content in the ga1-6
background, we were unable to measure GA4 accurately in one of the
ga1-6 repeats (test 2), which had trace amounts of GA4 estimated to
be ,0.27 ng/g dry weight. C, RGA protein levels were reduced in the
internodes of erf11-1D ga1-6 compared to ga1-6. Proteins were
extracted from internodes of 50-d-old plants, and immunoblotting was
performedwith affinity-purified anti-RGA antibodies. The bottom panel
shows equal loading by Ponceau staining. D, The RGA transcript levels
were similar in the internodes of ga1-6 and erf11-1D ga1-6. Data rep-
resent means 6 SE of four repeats. E, The ACS2 transcript levels in the
internodes of erf11-1D ga1-6 were reduced in comparison to ga1-6.
Data represent means 6 SE of four repeats. **P , 0.01. F, Ethylene
production (pL/mg dry weight/h) from the internodes of 50-d-old plants.
Data represent means6 SE of four repeats. Similar results were obtained
using another set of samples. **P , 0.01.
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GA4. This is consistent with the elevated GA content in
erf11-1D ga1-6. These results indicate that ERF11 func-
tions as a positive regulator of both GA production and
GA signaling.

ERF11 Antagonizes DELLA Function via Protein-
Protein Interaction

To place ERF11 in the GA signaling pathway, genetic
interactions between ERF11 and RGA were examined
by double mutant analysis. rga-D17 is a transgenic line
that expresses a dominant active form of RGA, which
lacks a 17-amino acid motif within the DELLA domain
that is required for GA-induced degradation (Dill et al.,
2001). rga-D17 displays a severe dwarf phenotype,
while erf11-1D has longer internodes than the wild
type. The use of rga-D17 in the double mutant analysis

allowed us to uncouple the GA response activity from
GA biosynthesis so that we could examine the direct
role of ERF11 in the GA response. Because homozy-
gous rga-D17 plants are sterile and grow extremely
slowly, we compared phenotypes of the semidwarf
hemizygous rga-D17 in the homozygous erf11-1D
background (referred to as erf11-1D rga-D17) to the
hemizygous rga-D17. We found that the final height of
erf11-1D rga-D17 was 30% taller than rga-D17 (Fig. 4A;
Supplemental Fig. S3A), and the internode length of
erf11-1D rga-D17 was 46% longer than that of rga-D17
(Supplemental Fig. S3B), whereas the average number
of siliques of erf11-1D rga-D17 was similar to that of
erf11-1D (Supplemental Fig. S3C). These results indi-
cated that erf11-1D partially rescued the dwarf phe-
notype of rga-D17, suggesting that erf11-1D either
inhibits rga-D17 protein accumulation or activity, or
acts downstream of RGA. However, rga-D17 protein
levels in the internodes of rga-D17 and erf11-1D rga-D17
were similar (Fig. 4B), indicating that the longer inter-
nodes in erf11-1D rga-D17 were not caused by reduced
rga-D17 accumulation.

We then tested whether erf11-1D inhibits RGA ac-
tivity by direct protein-protein interaction, a known
regulatory mechanism for DELLA and its interactors
(Xu et al., 2014; Daviere and Achard, 2016). Our yeast
two-hybrid assays showed that the GRAS domain of
RGA directly interacts with ERF11 minus the EAR
motif (Fig. 4C). No interaction was detected between
RGA and the full-length ERF11, presumably because
the transcription repression mediated by the EAR
motif interfered with reporter gene expression. We
also observed interactions between RGA and three
ERF11 close homologs ERF4, ERF8, and ERF10 (in
subgroup VIII-B-1a). However, RGA did not interact
with ERF88, which belongs to a different subgroup
VIII-B-1b (Fig. 4C), suggesting that RGA specifically
interacts with ERFs in the VIII-B-1a subfamily. RGA
and GAI are the major DELLA proteins that control
stem elongation (Dill and Sun, 2001; King et al., 2001).
We found that GAI also interacted with ERF11,
ERF4, ERF8, and ERF10 in yeast two-hybrid assays
(Supplemental Fig. S4).

To confirm ERF11-RGA interaction in planta, we
performed coimmunoprecipitation (co-IP) assays by
transiently coexpressing 35S:cMyc-ERF11 (or ERF8)
and 35S:HA-RGA constructs in leaves of Nicotiana
benthamiana through Agrobacterium-mediated transfor-
mation. Tissues infiltrated with 35S:HA-RGA alone or
coinfiltratedwith 35S:cMyc-GUS-NLS served as negative
controls. Immunoprecipitation was performed using
anti-cMyc antibody-conjugated agarose beads. Figure
4D shows that HA-RGA was coimmunoprecipitated
when it was coexpressed with cMyc-ERF11 (–EAR) or
cMyc-ERF8 (–EAR), but notwhen itwas expressed alone
or coexpressed with cMyc-GUS-NLS. These co-IP assays
further support the idea that ERF11 and its close ho-
mologs directly interact with RGA. To test whether
overexpression of ERF11 inhibits DELLA function, we
then examined transcript levels of DELLA target genes

Figure 3. Loss-of-function erfmutants displayed reduced GA response,
whereas overexpression of ERF11 increased GA response. A and B,
Hypocotyl elongation assays of 4-d-old seedlings grown in different GA
concentrations under continuous light (50 mmol m22 s21). *P , 0.05;
**P, 0.01. C, erf11 and erf11 erf4 displayed shorter hypocotyl length in
the presence of 0.05 mM GA4, but not in the untreated control (–GA).
Image shows 4-d-old seedlings. D, erf11-1D ga1-6 showed longer
hypocotyl length with 0.05 and 1 mM GA4 treatment, but not in the
untreated control. Image shows 4-d-old seedlings.
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(Zentella et al., 2007) in rga-D17 and erf11-1D rga-D17 by
RT-qPCR analysis (Fig. 4E). We found that expression of
three of the DELLA target genes (bHLH137, bHLH154,
and Exp-PT1) was down-regulated in the internodes of
erf11-1D rga-D17, suggesting that ERF11 and DELLA
interfere with each other’s function by direct protein-
protein interaction.
To examine further the direct antagonistic interaction

between ERF11 and DELLA, these proteins were
expressed alone or coexpressed in tobacco leaves by
agroinfiltration to test whether they antagonistically
modulate transcription of bHLLH137 and bHLH154
promoters using the dual luciferase (LUC) reporter
assay (Fig. 5). The reporter constructs contain promoter
sequences of bHLH137, bHLH154, and SCL3 genes, re-
spectively, which were fused to the firefly LUC gene
(fLUC; Fig. 5A). The SCL3 promoter was included as a
control; SCL3 is an RGA-induced target gene (Zentella

et al., 2007), but its expression was not altered by erf11-
1D (Fig. 4E). The 35S:Renilla LUC (rLUC) was used as an
internal standard in the assay. Two effectors are 35S:
HA-RGA and 35S:myc-ERF11. As expected, expression
of RGA alone induced all three promoters of RGA tar-
get genes (4-fold for bHLH137, 3-fold for bHLH154, and
8-fold for SCL3) compared to the empty effector control
(Fig. 5B). ERF11 alone repressed expression of bHLH137
by 5-fold, and coexpression of RGA and ERF11 dis-
played antagonistic effects on the expression of this
promoter (Fig. 5B). In contrast, ERF11 did not signifi-
cantly repress expression of SCL3, indicating that the
inhibitory effect of ERF11 on the bHLH137 promoter is
specific. We also found that bHLH154 expression was
not affected by ERF11 in the dual luciferase assay (Fig.
5B), suggesting that this gene may not be a direct target
of ERF11. The optimal cis-element for ERFs has been
identified to be the GCC box (AGCCGCC), although

Figure 4. ERF11 interacts with RGA and inhibits its function. A, erf11-1D partially rescued the dwarf phenotype of rga-Δ17.
Image shows 60-d-old plants. B, Similar rga-Δ17 protein levels were present in the upper growing internodes of 70-d-old rga-Δ17
and erf11-1D rga-Δ17. The immunoblot was probed with affinity-purified anti-RGA antibodies. The bottom panel shows equal
loading by Ponceau staining. C, Interactions between ERFs and RGA in yeast two-hybrid assays. A truncated RGA protein (amino
acids 187 to 587) that contains the C-terminal GRAS domain was used as the bait. ERFs were used as the prey. FL, Full-length;
–EAR, EAR motif deleted. For each strain, 2 mL yeast cells with OD600 values of 0.25 and 0.025 were spotted on control media
(+His) and –His media +1 mM 3-AT (a competitive inhibitor of His-3 enzyme). Empty prey and bait vectors were included as
negative controls. D, co-IPof ERFs and RGA in planta. HA-RGAwas transiently expressed alone or coexpressedwith cMyc-tagged
GUS, ERF11 (–EAR), or ERF8 (–EAR) in N. benthamiana. The total protein extracts were immunoprecipitated with anti-cMyc
antibody-conjugated agarose beads; the input and IP samples were analyzed by immunoblotting using antibodies for HA and
cMyc, separately. E, erf11-1D reduced the transcript levels of DELLA target genes bHLH137, bHLH154, and Exp-PT1 in the
internodes of 70-d-old rga-Δ17 plants. RT-qPCR data represent means6 SE of four repeats. **P, 0.01. In A, B, and E, rga-Δ17 is
hemizygous in both rga-Δ17 and erf11-1D rga-Δ17.
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AtERF3 and AtERF4 can also bind similar sequences
with single nucleotide substitutions (Ohme-Takagi and
Shinshi, 1995; Fujimoto et al., 2000). Interestingly, using
pDRAW32 DNA analysis software (http://www.
acaclone.com), we found that the bHLH137 promoter
contains twomodified GCC elements (Fig. 5A), whereas
the promoters of bHLH154 and SCL3 genes lack any
putative ERF binding sequences. Taken together, our

results show that ERF11 directly represses RGA-induced
bHLH137 expression.

DISCUSSION

The data in this report revealed that ERF11 enhances
GA responses by two mechanisms: (1) increasing bio-
active GA levels by inducing expression of the GA
biosynthesis genes GA3ox and GA20ox and (2) pro-
moting GA responses by antagonizing the activity of
the GA signaling repressor DELLA via direct protein-
protein interaction (Fig. 6). Our transient expression
assay showed that ERF11 represses whereas DELLA
induces transcription of the target gene bHLH137 (Fig.
5), indicating that ERF11 and DELLA interfere with
each other’s function. The second mechanism should
reduce DELLA function immediately, whereas the first
mechanism acts slower in regulating DELLA activity as
its effect on DELLA is via alteration in GA biosynthesis.
ERF11 is unique in that it promotes both GA biosyn-
thesis and GA signaling. All of the previously reported
elevated GA-signaling mutants down-regulate GA
biosynthesis via the negative feedbackmechanism (Sun
and Gubler, 2004). Our data further suggest that in-
duction of GA biosynthesis gene expression by ERF11 is
likely an indirect effect mediated by decreasing ethyl-
ene levels (Fig. 6). erf11-1D conferred a reduction in the
amounts of ethylene in the inflorescence stems, con-
sistent with a recent report showing ERF11 represses
ACS transcription (Li et al., 2011). The exact molecular

Figure 5. ERF11 repressed, whereas RGA induced, transcription of the
bHLH137 promoter in tobacco transient expression assay by agro-
infiltration. A, Schematics of the normalization control, reporter, and
effector constructs. 35S:Renilla LUC (rLUC) served to normalize
transformation efficiency. In the reporter constructs, the firefly LUC
gene (fLUC) was placed under the control of different promoters of
RGA target genes (bHLH137, bHLH154, and SCL3). 35S:RGA and
35S:ERF11 served as two effector constructs, respectively. The posi-
tions of two modified GCC box sequences in bHLLH137 promoter are
labeled by asterisks: AGCCGCT at –2 kb and ACCCGCC at –0.2 kb.
The empty effector vector was used as a negative control. B, RGA
induced expression of all three target gene promoters, whereas ERF11
only repressed bHLH137 expression. Each reporter construct and
the 35S:rLUC construct were introduced into tobacco leaves in the
presence of the empty effector constructs (Control) or 35S:RGA
and/or 35S:ERF11 (with the same molar ratios) by agroinfiltration.
The relative fLUC activity (normalized by rLUC activity) in the empty
effector control was set to 1. Data represent the average value 6 SE of
eight biological replicas. Different letters above the bars indicate
significant difference (P , 0.01).

Figure 6. Model for antagonistic interaction between ERF11 and
DELLA in regulating GA and ethylene pathways and internode elon-
gation. The arrows and T-bars highlighted in blue represent new links
that are revealed in this study. ERF11 promotes internode elongation by
enhancing GA responses through two mechanisms: (1) increasing GA
accumulation (and therefore DELLA degradation) indirectly via its in-
hibitory effect on ethylene biosynthesis; and (2) inhibiting DELLA
function by direct protein-protein interaction. DELLA and ERF11 an-
tagonize each other’s function in regulating downstream gene expres-
sion, as shown in the transient expression assay. In (1), ERF11-induced
GA accumulation is likely an indirect effect of reduction of ethylene
production via inhibition of ACS2 expression by ERF11. The reduced
ethylene levels then result in repression of GA3ox and GA20ox ex-
pression, likely through the ethylene signaling pathway.
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mechanism of how ethylene inhibits GA biosynthesis
gene expression requires further investigation.
In Arabidopsis, there are 122 ERF/AP2 family

members. AtERF11 belongs to the subfamily VIII-B-1a
(McGrath et al., 2005; Nakano et al., 2006). All eight
members in this subfamily (ERF3, 4, and 7–12) contain a
transcription repressor EAR motif near their C termi-
nus. Interestingly, our study and previous reports re-
veal that three of the EAR-containing ERFs (ERF4,
ERF7, and ERF11) regulate multiple hormone path-
ways. Overexpression of AtERF4 confers reduced sen-
sitivity to ethylene, abscisic acid (ABA), and JA in
hypocotyl or root growth, whereas the loss-of-function
erf4-1mutant displays increased JA response (McGrath
et al., 2005; Yang et al., 2005). Overexpression or si-
lencing of AtERF7 resulted in reduced or increased
ABA response in stomatal closure, respectively, indi-
cating that AtERF7 negatively regulates ABA responses
(Song et al., 2005). Our data showed that over-
expression of ERF11, ERF4, or ERF8 partially rescued
the dwarf phenotype of the GA-deficient ga1-6 mutant.
Phenotype analyses of the loss-of-function erf11 and
erf4 single and double mutants further confirmed that
ERF4 and ERF11 positively regulate GA response in
hypocotyl elongation. Similar to ERF11, ERF4, 8, and
10 interact with DELLA in co-IP and/or yeast two-
hybrid assays. Future studies will determine whether
all eight VIII-B-1a subfamily ERFs regulate GA and/or
other hormone pathways by a similar mechanism as
illustrated for ERF11. Our yeast two-hybrid results
indicate that RGA does not interact with ERF88 in
the VIII-B-1b subfamily. Interestingly, a group-VII
ERF/AP2 (RELATED TO APETALA2.3) was shown
recently to be a DELLA-interacting protein, playing a
role in GA and ethylene-regulated apical hook devel-
opment (Marín-de la Rosa et al., 2014). Future studies
will address whether any of the other ERF/AP2 sub-
family members are DELLA-interacting proteins.
In rice (Oryza sativa), group VII ERFs (OsSUB1A,

SNORKEL1, and SNORKEL2) that lack the EAR motif
have been shown to regulate internode elongation that
is modulated by ethylene and GA (Xu et al., 2006;
Hattori et al., 2009). Interestingly, these OsERFs (tran-
scription activators) function differently fromAtERF11.
In submergence-tolerant rice, ethylene inhibits inter-
node growth under submergence conditions. In this
case, ethylene induces OsSUB1A expression (Xu et al.,
2006), which in turn inhibits GA response by promoting
SLR1 (rice DELLA) and SLRL1 transcript and protein
accumulation (Fukao and Bailey-Serres, 2008). Ectopic
expression of OsSUB1A in Arabidopsis leads to re-
duced GA response and increased ABA response
(Fukao et al., 2011). In contrast to the submergence-
tolerant rice, deepwater rice responds to submergence
by rapid internode growth. In this case, ethylene pro-
motes internode elongation by increasing GA levels via
induction of SNORKEL1 and SNORKEL2 expression,
although it is unclear how SNORKEL1 and SNORKEL2
promote GA accumulation (Hattori et al., 2009).
Therefore, different members of the group VII ERFs

play distinct roles in mediating ethylene and GA re-
sponses in controlling internode elongation.

In summary, increasing numbers of ERFs have been
shown to regulate plant development in response to
hormonal signals or abiotic stresses. Our work reveals
that AtERF11 promotes internode elongation by pro-
moting both GA biosynthesis and signaling pathways.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The ga1-6 semidwarf mutant plant used for activation tagging was gener-
ated by crossing the original ga1-6 in the Landsberg erecta (Ler) background
(Koornneef and van der Veen, 1980; Sun and Kamiya, 1994) four times into
Columbia-0 (Col-0). The activation-tagging mutant pools were generated by
transforming ga1-6 (4x Col-0) with pSKI015 (Weigel et al., 2000), and themutant
#279-2 was identified in the T1 generation as a BASTA-resistant plant that was
taller than the parental plant. #279-2 displayed a 3:1 segregation ratio of
the BASTA resistance in the T2 generation; homozygous lines were identi-
fied by screening in the T3 generation (renamed erf11-1D ga1-6). The erf11
(SALK_116053) T-DNA insertion mutant was requested from the Arabidopsis
Stock Center, and the erf4-1 (Salk_073394) mutant was provided by Dr. Kemal
Kazan (McGrath et al., 2005). The homozygous double mutant erf4 erf11 was
generated by crossing erf11 to erf4. The erf11-1D rga-Δ17 double mutant was
generated by crossing a rga-Δ17 transgenic line (#18-2-1) in the Col-0 back-
ground (Dill et al., 2001) to erf11-1D. Genotyping primers are listed in
Supplemental Table S2.

For growth onmedia, seedswere plated on 13 or 0.53Murashige and Skoog
(MS) medium containing 2% or 1% Suc and 0.7% agar, and incubated at 22°C
under constant light (50–70mmolm22 s21). For growth on soil, seeds were sown
onMetroMix 200 (SunGroHorticulture) and incubated at 22°C under 16 h light.
The procedure for the hypocotyl elongation assay was described previously
(Zhang et al., 2011). For ethylene-mediated seedling triple-response assay, the
detailed procedure was described before (Zhou et al., 2007). Seeds were strat-
ified at 4°C for 72 h and then germinated on half-strength MS at 22°C for 80 h in
the dark with or without 20 mL/L ethylene gas. Dark-grown seedlings were
photographed and hypocotyl length was measured using software Image J.
Transgenic Arabidopsis lines were generated by the floral dip method (Clough
and Bent, 1998). For selection, 10 mg/mL of BASTA or 50 mg/mL kanamycin
was included in the MS medium.

All statistical analyses were performed using Student’s t tests with the sta-
tistical package JMP Pro 10.0.2 (SAS Institute).

Plasmid Constructs

All the primers used in this study are listed in Supplemental Table S2. The
PCR-amplified fragments in all constructs were sequenced to ensure that no
mutations were introduced. Detailed information on plasmid construction is
described in Supplemental Methods.

TAIL-PCR

Genomic DNA was extracted by using the CTAB method (Weigel and
Glazebrook, 2002). TAIL-PCR was carried out as described previously (Liu
et al., 1995). The degenerate primers used for TAIL-PCR were AD1, AD2, and
AD3 (Liu and Whittier, 1995) and AD4 and AD6 (Liu et al., 1995). The T-DNA
specific primers LB8, LB7, and JL-202 (Alonso et al., 2003) were used in the
primary, secondary, and tertiary TAIL-PCR reactions, respectively. Specific
TAIL-PCR products were gel-purified and sequenced and BLAST searched
against the National Center for Biotechnology Information database to identify
the T-DNA insertion site.

Quantitative Real-Time RT-PCR Analysis

The real-time RT-qPCR analyses were performed with an Eppendorf real-
plex2 Mastercycler ep gradient S. Total RNA isolation, cDNA synthesis, and
qPCR analyses were performed as described previously (Zentella et al., 2007).
At4g33380, whose expression remains constant (Rieu et al., 2008b), was used as
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the control to normalize the qPCR data. Unless specified otherwise, the qPCR
data are the means of four repeats (two biological repeats and two technical
replicates of each set of samples).

GA Measurements

Rosette leaves of 33-d-old soil-grown ga1-6 and erf11-1D ga1-6 plants were
harvested and immediately frozen in liquid nitrogen and lyophilized. GAswere
purified and quantified according to Plackett et al. (2012) using a 6410 Triple
Quad LC-MS (Agilent Technologies) with an Agilent 1200 series rapid reso-
lution liquid chromatography system fitted with a Zorbax SB-Phenyl column
(1.8 mm, 2.1 3 50 mm).

Immunoblot Analyses

Total proteins from seedlings or internodes were extracted as described
before (Silverstone et al., 2001). The extracted proteins were fractionated by 8%
SDS-PAGE and analyzed by immunoblot analysis using anti-HA antibodies
(Covance) or crude anti-RGA antibodies (Silverstone et al., 2001).

Yeast Two-Hybrid Assays

The yeast two-hybrid assay was performed using the ProQuest system
(Invitrogen) in the yeast strain pJ69-4A (James et al., 1996). Varying concen-
trations of 3-AT (0, 1, 2.5, 5, 10, and 25 mM) were included in medium lacking
Trp, Leu, and His. For each combination, 2 mL yeast cells with OD600 values of
0.25 and 0.025, respectively, were spotted on media plates.

Coimmunoprecipitation of ERFs and RGA, and Dual
Luciferase Assay

Transient expression and co-IP assays were performed as described previ-
ously (Zhang et al., 2011) with the following modifications: After cells were
resuspended in infiltration media, Agrobacterium tumefaciens GV3101 strains
carrying individual expression constructs were mixed to make a final OD600 of
about 0.8 for each strain and infiltrated into 28-d-old Nicotiana benthamiana
(tobacco) leaves by needle-less syringe; 40 h transiently transformed tobacco
leaves were harvested for co-IP assay without cross-linking. Two grams of
leaves was ground into a fine powder in liquid nitrogen, followed by resus-
pension in 5 mL extraction buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton
X-100, 5 mM b-mercaptoethanol, and 13 Protease Inhibitors [Sigma P-9599]).
The powder was ground in extraction buffer for 10min on ice until there was no
visible debris. The homogenates were centrifuged at 20,000g at 4°C for 20 min.
The co-IP was performed using 10 mL anti-cMyc agarose-conjugated beads
(A7470; Sigma-Aldrich) by incubating with supernatant for 2 h at 4°C.

Thedual luciferase assayswere alsoperformedusing the transient expression
system in tobacco. The control constructs and the reporter andeffector constructs
were individually transformed into Agrobacterium strain GV3101. Then, each
reporter- and rLUC-containing strain was coinfiltrated into tobacco leaves with
various combinations of effector strains. Forty hours after infiltration, tobacco
leaves were harvested for protein extraction, and luciferase activities were
measured using the dual-luciferase reporter assay system (Promega). Relative
promoter activity was calculated as the ratio of fLUC to rLUC activities for each
sample. Six biological repeats were conducted for each effector combination.

Ethylene Measurement

The top 10 internodes of the main stems were detached, and the flower
clusters and siliqueswere removed. For each set ofmeasurements, 15 stems (per
genotype)were placed in a 22-mLgas chromatography vial containing 0.5mLof
0.53 liquid MS media. The vials were capped and then placed in a 16-h/8-h
light/dark cycle incubator at 22°C for 5 h. The accumulated ethylene was
measured and calculated based on comparison to a 1 mL/L ethylene standard
(Woeste et al., 1999). Data were from three replicates, and each experiment was
repeated at least once with comparable results.

Cell Length Measurement by Scanning
Electron Microscopy

The 10th to 20th internodes from the bottom on the main stem of 70-d-old
ga1-6 and erf11-1D ga1-6 plants were fixed overnight with FAA solution

(5% acetic acid, 45% ethanol, and 5% formaldehyde) and dehydrated with a
graded ethanol series (30%, 50%, 70%, 90%, and 100%) (Tsukaya et al.,
1993). After dehydration, the samples were chemically dried with HMDS
(hexamethyldisilazane) and then were imaged on an FEI XL30 ESEM.

Accession Numbers

Arabidopsis Genome Initiative locus identifiers for the genes mentioned
in this article are as follows: ERF11 (At1g28370), ERF4 (At3g15210), ERF8
(At1g53170), ERF10 (At1g03800), ERF12 (At1g28360), ERF88 (At1g12890),
ACS2 (At1g01480), GA1 (At4g02780), RGA (At2g01570), GAI (At1g14920),
GA3ox1 (At1g15550), GA3ox2 (At1g80340), GA20ox1 (At4g25420), GA20ox2
(At5g51810), GA2ox6 (At1g02400), AtGID1A (At3g05120), MYB (At3g11280),
bHLH137 (At5g50915), bHLH154 (At2g31730), WRKY27 (At5g52830), SCL3
(At1g50420), EXP-PT1 (At2g45900), XERICO (At2g04240), RING (At4g19700),
EXP-PT (At4g33380), and unknown protein (At1g28375).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Characterization of ERF Overexpression Lines
and erf Loss-of-Function Mutants.

Supplemental Figure S2. erf11-1D Caused an Elevated GA Response and
Reduced Levels of RGA Protein.

Supplemental Figure S3. erf11-1D Partially Rescued rga-Δ17 Phenotypes.

Supplemental Figure S4. Interactions between ERFs and GAI in Yeast
Two-Hybrid Assays.

Supplemental Table S1. Silique and Flowering Time Phenotypes of ga1-6
and erf11-1D ga1-6.

Supplemental Table S2. List of Primers and Their Uses.

Supplemental Methods, Figure Legends, and References.
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