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(D.M.C.); and Warwick Systems Biology Centre, Warwick University, Coventry CV4 7AL, United Kingdom
(J.B., K.J.D.)

The PHYTOCHROME AND FLOWERING TIME1 gene encoding the MEDIATOR25 (MED25) subunit of the eukaryotic Mediator
complex is a positive regulator of jasmonate (JA)-responsive gene expression in Arabidopsis (Arabidopsis thaliana). Based
on the function of the Mediator complex as a bridge between DNA-bound transcriptional activators and the RNA
polymerase II complex, MED25 has been hypothesized to function in association with transcriptional regulators of the JA
pathway. However, it is currently not known mechanistically how MED25 functions to regulate JA-responsive gene
expression. In this study, we show that MED25 physically interacts with several key transcriptional regulators of the JA
signaling pathway, including the APETALA2 (AP2)/ETHYLENE RESPONSE FACTOR (ERF) transcription factors
OCTADECANOID-RESPONSIVE ARABIDOPSIS AP2/ERF59 and ERF1 as well as the master regulator MYC2. Physical
interaction detected between MED25 and four group IX AP2/ERF transcription factors was shown to require the activator
interaction domain of MED25 as well as the recently discovered Conserved Motif IX-1/EDLL transcription activation motif
of MED25-interacting AP2/ERFs. Using transcriptional activation experiments, we also show that OCTADECANOID-
RESPONSIVE ARABIDOPSIS AP2/ERF59- and ERF1-dependent activation of PLANT DEFENSIN1.2 as well as MYC2-
dependent activation of VEGETATIVE STORAGE PROTEIN1 requires a functional MED25. In addition, MED25 is required
for MYC2-dependent repression of pathogen defense genes. These results suggest an important role for MED25 as an integrative
hub within the Mediator complex during the regulation of JA-associated gene expression.

The plant hormone jasmonic acid and its conjugate
derivatives, collectively known as jasmonates (JAs),
are known to play an important role in the response to
plant pathogens (Penninckx et al., 1998; Thomma et al.,
1998), wounding, and herbivores (McConn et al., 1997;

Zhang and Turner, 2008), as well as regulating plant
developmental processes such as stamen development
(Feys et al., 1994) and senescence (He et al., 2002). The
involvement of JAs in this diverse range of processes
suggests a mechanism for fine-tuning the activation of
specific response pathways while controlling other non-
essential response pathways. The activation of herbivory-
associated JA genes and the suppression of pathogen
defense genes by the basic helix-loop-helix (bHLH)
transcription factor (TF) MYC2 is one example of this
fine control of gene expression (Lorenzo et al., 2004;
Dombrecht et al., 2007). In addition, JA signaling can
act either synergistically or antagonistically with the
signaling pathways of other plant hormones and un-
derstanding the cross talk between plant hormone
pathways has been the focus of numerous research
efforts (Penninckx et al., 1998; Schenk et al., 2000; Spoel
et al., 2003; Anderson et al., 2004; Navarro et al., 2006,
2008).

The F-box protein CORONATINE INSENSITIVE1
(COI1) is important in JA signaling as it is required for
almost all JA-responsive phenotypes (Feys et al., 1994;
Devoto et al., 2005). Together with S-PHASE KINASE-
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ASSOCIATED PROTEIN1 (SKP1) and CULLIN proteins,
COI1 forms an SKP/CULLIN/F-box complex, which
attaches ubiquitin to target proteins to signal their deg-
radation by the 26S proteasome (for review, see Howe,
2010; Pauwels and Goossens, 2011). The importance of
COI1 in JA perception was revealed with the discovery
of the JA ZIM domain (JAZ) proteins, which act as re-
pressors of JA-associated transcription (Chini et al.,
2007; Thines et al., 2007; Yan et al., 2007). Genetic, bio-
chemical, and structural studies have confirmed the
COI1-JAZ complex as the coreceptor for the biologically
active JA-Ile ligand and these findings provide insights
into the regulation of the JA signaling pathway through
release of transcriptional repression (Howe, 2010;
Sheard et al., 2010).

Recently, a number of TFs have been identified as
binding partners of the JAZ proteins with a variety of
different roles in regulating JA-associated gene ex-
pression (for review, see Kazan and Manners, 2012).
MYC2 was the first TF to be identified as a JAZ-
binding partner (Chini et al., 2007), and recently, two
MYC2-related bHLH TFs (MYC3 and MYC4) also
have been shown to interact with JAZ proteins to
regulate both pathogen and herbivore defense path-
ways (Cheng et al., 2011; Fernández-Calvo et al., 2011;
Niu et al., 2011). In addition, three other bHLH TFs
(TRANSPARENT TESTA8, GLABRA3 [GL3], and
ENHANCER of GL3) and two MYB domain TFs
(MYB75 and GL1) interact with the JAZ proteins, and
are known to have roles in both anthocyanin and tri-
chome production (Qi et al., 2011). Additionally, JAZ
proteins have been found to interact with two MYB
domain TFs (MYB21 and MYB24) that control stamen
development (Song et al., 2011), and also two ethylene
(ET)-associated TFs (EIN3 and EIL1) that regulate
pathogen defense and root growth through ET sig-
naling (Zhu et al., 2011).

The removal of JAZ-mediated repression would al-
low TF proteins to recruit the general TFs and RNA
polymerase II machinery to initiate transcription. In
eukaryotes, the multiprotein complex that connects
TFs with the core transcriptional machinery is called
the Mediator complex and was recently purified in
Arabidopsis (Arabidopsis thaliana; Bäckström et al.,
2007). Approximately 30 Mediator subunits were iso-
lated from Arabidopsis and functional roles in impor-
tant plant processes such as development, flowering,
and abiotic and biotic stress responses have been
identified for some Mediator subunits (Autran et al.,
2002; Boyce et al., 2003; Dhawan et al., 2009; Kidd
et al., 2009; Gillmor et al., 2010; Wathugala et al., 2012).
One subunit that exemplifies the diverse roles that
a Mediator subunit can possess in different plant pro-
cesses is the MEDIATOR25 (MED25) subunit. MED25
(previously known as PHYTOCHROME AND FLOW-
ERING TIME1 [PFT1]) has been shown to play a role in
the control of flowering time (Cerdán and Chory, 2003;
Wollenberg et al., 2008; Iñigo et al., 2011), cell prolif-
eration (Xu and Li, 2011), as well as abiotic and biotic
stress responses (Kidd et al., 2009; Elfving et al., 2011).

The role of MED25 in biotic stress responses was
discovered with med25/pft1 mutants (hereafter re-
ferred to as med25) displaying increased susceptibility
to leaf-infecting necrotrophic pathogens Alternaria brassi-
cicola and Botrytis cinerea, yet increased resistance to the
root-infecting hemibiotroph Fusarium oxysporum (Kidd
et al., 2009). The med25 mutant also showed attenuated
expression of both herbivore- and pathogen-associated JA
genes as well as decreased production of anthocyanin and
a reduced sensitivity to JA-mediated root inhibition (Kidd
et al., 2009). These findings suggested an important role
for MED25 in JA signaling, and thus potentially implicate
MED25 as an interacting partner for JA-associated TFs in
the Mediator complex.

In this study we aimed to identify MED25-interacting
TFs that have roles in the MED25-mediated control of
JA-associated gene expression. Through the use of yeast
(Saccharomyces cerevisiae) two-hybrid (Y2H) screening,
we identified several MED25-interacting TFs known to
function in the control of JA-associated gene expression.
These included the defense-associated APETALA2
(AP2)/ETHYLENE RESPONSE FACTORs (ERFs);
ERF1, OCTADECANOID-RESPONSIVE ARABIDOP-
SIS AP2/ERF59 (ORA59), and TDR1/ERF98 (Berrocal-
Lobo et al., 2002; Lorenzo et al., 2003; Gutterson and
Reuber, 2004; Pré et al., 2008), as well as the defense-
and herbivore-associated bHLH TFs; MYC2, MYC3,
and MYC4 (Cheng et al., 2011; Fernández-Calvo et al.,
2011; Niu et al., 2011). We demonstrated the functional
requirement for MED25 in ERF1- and ORA59-dependent
activation of the PLANT DEFENSIN1.2 (PDF1.2) gene
and MYC2-dependent activation of the VEGETATIVE
STORAGE PROTEIN1 (VSP1) insect defense gene.
Importantly, we provide evidence for the role of the
EDLL motif, the recently discovered transcription acti-
vation domain from MED25-interacting AP2/ERFs, as
an important domain for MED25 interaction. To-
gether, our results suggest that MED25 acts an inte-
grative hub for the regulation of JA-dependent gene
expression.

RESULTS

Identification of MED25-Interacting TFs

To identify interacting partners of MED25, we carried
out Y2H screening using two different bait constructs
that corresponded to the N-terminal von Willebrand
Factor A (vWF-A) domain responsible for Mediator
binding and the C-terminal activator interaction do-
main (ACID) of the MED25 protein (Fig. 1A). We
found that the first construct (MED25DACID/Q-rich)
that consisted of amino acids 1 to 558 but lacked the
ACID domain, as well as the Q-rich region at the C
terminus of the MED25 protein, did not yield any
interactions. However, when the second MED25 con-
struct was expressed, which contained the ACID
domain but lacked the N-terminal vWF-A domain
and the C-terminal Q-rich domain (MED25DvWF-A/
Q-rich, 228–681 amino acids), 12 interacting TFs were
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identified (Fig. 1B). Retesting these TFs with the
MED25DACID/Q-rich construct did not show any
interaction, suggesting that the interaction with the
TFs requires the ACID domain of the MED25 protein.
Among the TFs identified were a number of JA- and
plant-defense-associated TFs. For instance, four mem-
bers of group IX of the AP2/ERF TF family, ERF1,
ORA59, TDR1/ERF98, and ERF15 were identified, as
well as MYC2 and the related bHLH TFs, MYC3 and
MYC4 (Fig. 1B). All of these TFs, with the exception of
ERF15, have been previously implicated in the regu-
lation of plant defense signaling (Berrocal-Lobo et al.,
2002; Lorenzo et al., 2003, 2004; Gutterson and Reuber,
2004; McGrath et al., 2005; Dombrecht et al., 2007; Pré
et al., 2008; Cheng et al., 2011; Fernández-Calvo et al.,
2011; Niu et al., 2011). While not currently having a
published role in regulating defense signaling, ERF15
is the closest homolog of ORA59 based on its nucleo-
tide sequence and forms a separate clade with ORA59
and ERF1 based on their similarity at the conserved
AP2 domain (McGrath et al., 2005; Nakano et al.,
2006). The Y2H screen also identified additional in-
teracting TFs such as the drought and cold response

regulator DREB2A, which belongs to group IV of the
AP2/ERF TF family, as well as WRKY10, MYB104,
and two uncharacterized TFs encoding a B-box zinc-
finger (At4g39070) and a bZIP (At2g31370) TF. Four of
the 12 TFs that we identified, DREB2A, ERF1, TDR1/
ERF98, and the B-box zinc finger (At4g39070), have
recently been reported as interacting partners of MED25
(Elfving et al., 2011; Ou et al., 2011). The independent
discovery of these TFs in our interaction screen indi-
cates the reliability of our Y2H system in detecting
MED25-interacting TFs.

To verify the interactions between MED25 and the
TF proteins identified through Y2H analysis, we car-
ried out a single in vitro pull-down experiment using
the MED25DvWF-A/Q-rich protein fused to a poly-
His tag together with individual glutathione-S-trans-
ferase (GST)-tagged TF proteins. No interaction was
observed with the control GST-GFP fusion protein,
and with the exception of ORA59, 11 of the identified
TFs interacted with the MED25DvWF-A/Q-rich pro-
tein, confirming the Y2H data (Fig. 2, A–C). We re-
peated the pull-down experiment with MYC2, ERF1,
and ORA59 three times; however, only MYC2 and
ERF1 proteins could be successfully pulled down. We
also carried out a pull-down experiment with the His-
GFP protein as an additional control; however, none
of the GST-tagged TF proteins showed interaction
with this protein (Supplemental Fig. S1). Overall,
we conclude that MED25 can potentially interact with
a number of Arabidopsis TFs, including those with
known roles in JA and stress signaling.

As the ORA59 protein was unable to be pulled
down with the MED25 protein, we decided to inves-
tigate the interaction of ORA59 and MED25 further.
We determined the MED25-interaction domain of
ORA59 by performing Y2H experiments with three
overlapping derivatives of the ORA59 protein (amino
acids 1–139, 80–214, and 139–244). We observed an
interaction only with the fragment containing the
amino acids 139 to 244, suggesting that the interaction
with MED25 requires the last 30 amino acids at the C
terminus of ORA59 (Supplemental Fig. S2). Further-
more, the full length as well as overlapping fragments
of ORA59 were fused to the N-terminal fragment of
the yellow fluorescent protein (YFPN) and coexpressed
with MED25 fragments fused to the C-terminal frag-
ment of the yellow fluorescent protein (YFPC) for
bimolecular fluorescent complementation (BiFC) ex-
periments. These experiments confirmed the results of
the Y2H analysis with the YFPC-fused MED25DvWF-
A/Q-rich protein producing fluorescence only when
expressed with the full-length ORA59 or the 139 to 244
amino acid fragment fused to YFPN and not with the
other ORA59 fragments (Supplemental Fig. S3). We
also expressed the full-length ORA59 and 139 to 244
amino acid fragment with the MED25DACID/Q-rich
protein; however these combinations did not result in
detectable fluorescence (Supplemental Fig. S3). These
results suggest that the MED25 ACID domain is re-
quired for interaction with ORA59 and that a specific

Figure 1. The ACID domain of MED25 interacts with a number of
Arabidopsis TFs in Y2H analyses. Representative schematics of the
MED25 fragments used to screen the Y2H library along with the full-
length MED25 protein (A). Only the fragment containing the ACID
domain, MED25DvWF-A/Q-rich resulted in positive interactions in the
Y2H screen and 12 positive interactions were identified (B). No in-
teractions were seen for the binding domain (BD) only or when an
empty activation domain (AD) was used. Y2Hs were performed with
SD-Leu-Trp as well as SD-Leu-Trp-His supplemented with 3-AT. [See
online article for color version of this figure.]
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domain in the C terminus of ORA59 is required for
MED25 interaction.

The Conserved Motif IX-1/EDLL Transcription Activation
Motif of ERF1, ERF15, and TDR1/ERF98 Is Required for
MED25 Binding

The ACID domain of the human MED25 protein has
previously been shown to interact with the transcrip-
tional activation domain (TAD) of VP16, the potent
activator from the herpes simplex virus (Mittler et al.,
2003; Yang et al., 2004; Milbradt et al., 2011; Vojnic
et al., 2011). It is therefore likely that the interaction we
observed between AP2/ERFs and MED25 also requires
the ACID domain of MED25 and the TAD domain
of the AP2/ERFs. The Conserved Motif IX-1 (CMIX-1)
motif has been identified in the carboxy termini of
eight AP2/ERF proteins belonging to group IXc
(Nakano et al., 2006) although until recently the func-
tional importance of this motif has been unknown.
Interestingly, six of the eight proteins belonging to
group IXc (ERF1, ERF15, ORA59, ESE1, TDR1/ERF98,
and ERF91) have been found to interact with MED25
(Ou et al., 2011; this study). Recently, the CMIX-1 motif
from TDR1/ERF98 has been shown to act as a strong
TAD (Tiwari et al., 2012). The CMIX-1 motif was
renamed as the EDLL motif based on the conserved
amino acids between Arabidopsis TDR1/ERF98 and
TDR1-like proteins from other plant species (Tiwari
et al., 2012). It was shown that removal of the CMIX-1/
EDLL motif or mutation of the conserved Leu residues
abolished transcriptional activation ability of TDR1/
ERF98 (Tiwari et al., 2012). Interestingly, while the
specific Glu and Asp residues of the EDLL motif in

TDR1/ERF98 are not conserved among the other
CMIX-1 motif-containing proteins, the six MED25-
interacting AP2/ERFs share a number of conserved
Leu and Glu residues (Fig. 3A). As the Leu residues of
TDR1/ERF98 were shown to be required for tran-
scriptional activation, we mutated the same Leu resi-
dues in three selected TFs namely ERF1, ERF15, and
TDR1/ERF98 to Val to determine whether this muta-
tion would affect the interaction of these TFs with
MED25 (Fig. 3B). Y2H experiments with full-length
ERF1, ERF15, and TDR1/ERF98 proteins containing
either mutated or native CMIX-1/EDLL motifs re-
vealed that the conserved Leu in ERF1, ERF15, and
TDR1/ERF98 are essential for MED25 interaction (Fig.
3C; Supplemental Fig. S4). These results together with
the previous Y2H results with ORA59 suggest that the
C-terminal CMIX-1/EDLL motif previously impli-
cated in transcriptional activation is also important for
interaction of ERF1, ERF15, TDR1/ERF98, and ORA59
with MED25.

MED25 Is Required for the Transcription Activation
Ability of MYC2, ERF1, and ORA59

Of the MED25-interacting TFs, ERF1, ORA59, and
MYC2 are better characterized for their roles as im-
portant regulators of JA-associated pathogen and her-
bivore defense genes (Lorenzo et al., 2003, 2004;
Dombrecht et al., 2007; Pré et al., 2008). The interaction
between these TFs and MED25 could potentially
explain why JA-associated gene expression is reduced
in the med25 mutant (Kidd et al., 2009). Therefore we
decided to investigate these three TFs further to deter-
mine whether MED25 acts downstream to activate

Figure 2. MED25 is able to bind to the interacting
TF proteins in pull-down experiments. An in vitro
His-pull-down experiment confirmed the Y2H
interactions for 11 of the 12 interacting TFs. The
GST-tagged TFs that were used as the input to
the pull-down experiment are shown in an SDS
polyacrylamide gel (A). After extensive washing,
bound proteins were eluted and analyzed by IB
assays with the indicated antibodies (B and C).
Expected sizes of corresponding fusion proteins
are marked by asterisks.
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JA-associated transcription. To test whether MYC2, ERF1,
or ORA59 proteins require MED25 for transcriptional
activation, we performed in vivo transactivation experi-
ments with MYC2, ERF1, or ORA59 using wild-type
Arabidopsis plants and the previously characterized
med25 mutant (Kidd et al., 2009). In these experiments,
we cobombarded a reporter gene construct containing the
GAL4 upstream activation sequence (pGAL4UAS) linked
to the GUS gene (pGAL4UAS-GUS), together with cauli-
flower mosaic virus 35S expression constructs of MYC2,
ERF1, and ORA59 fused to the GAL4 DNA-binding do-
main (GAL4BD) or GAL4BD alone (Fig. 4A). In addition,
an expression construct of the firefly (Photinus pyralis)
LUCIFERASE (LUC) gene was cobombarded as a nor-
malization control.
As expected, the addition of the vector constructs

expressing either MYC2-, ERF1-, or ORA59-GAL4BD
produced significantly higher transcription activity of
the GUS reporter gene compared with the control ef-
fector plasmid (GAL4BD only) in wild-type Arabidopsis
plants (Fig. 4A). No significant difference was observed
in GUS reporter gene activity between the wild type
and med25 with the control effector plasmid (Fig. 4A).
However, transcription activation abilities of the MYC2-,

ERF1-, and ORA59-GAL4BD fusion proteins were sig-
nificantly reduced in med25 leaves compared with the
wild-type leaves in independent experiments (Fig. 4A).
As an additional control experiment, we cotransformed
wild-type and med25 plants with a 35S:GUS and 35S:
LUC construct without the effector plasmid. We did not
observe any significant difference between GUS/LUC
ratios, suggesting that the differences observed in tran-
scription activation were not due to different transfor-
mation efficiencies (Supplemental Fig. S5). These results
suggest that a functional MED25 is required for tran-
scriptional activation by ERF1, ORA59, and MYC2 TFs.

MED25 Is Required for ORA59- and ERF1-Dependent
Activation of PDF1.2

ERF1 and ORA59 have both been shown to activate
expression of the PDF1.2 gene, with the expression
of ORA59 being essential for PDF1.2 activation in Arab-
idopsis (Lorenzo et al., 2003; Pré et al., 2008). The med25
mutant has reduced expression of the PDF1.2 gene
(Kidd et al., 2009), raising the hypothesis that both ERF1
and/or ORA59 may require a functional MED25 pro-
tein to activate PDF1.2 expression. To test this, we

Figure 3. The EDLL motif found in the carboxy-
terminal region of ERF1, ERF15, and TDR1/
ERF98 is important for interaction with MED25.
The sequence of the CMIX-1 domain from the
MED25-interacting group IX AP2/ERFs (A). The
conserved EDLL amino acid residues from
TDR1/ERF98-like proteins (Tiwari et al., 2012)
are highlighted in red (A). The mutated Leu
residues of ERF1, ERF15, and TDR1/ERF98 are
shown in red (B). Y2H analyses between
MED25DvWF-A/Q-rich and full-length or mu-
tated ERF1, ERF15, and TDR1/ERF98 show that
the Leu residues in the EDLL motif are required
for interaction with MED25 (C). Y2Hs were
performed with SD-Leu-Trp as well as SD-Leu-
Trp-His supplemented with 3-AT. [See online
article for color version of this figure.]
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repeated the transactivation experiments as above but
with the 1,187-bp fragment of the PDF1.2 promoter
(pPDF1.2) linked to the GUS reporter gene (Fig. 4B).
This promoter fragment has been used previously to
test the activation of PDF1.2 in response to pathogens,
hormone treatment, or the addition of TFs (Manners
et al., 1998; Brown et al., 2003; Pré et al., 2008; Zarei
et al., 2011). In agreement with previous studies, the
expression of either ERF1 or ORA59 significantly in-
duced the expression of pPDF1.2-GUS in wild-type
leaves, and as previously reported (Pré et al., 2008),
ORA59 activated pPDF1.2-GUS expression to higher
levels than ERF1 (Fig. 4B). Interestingly, when either
ORA59 or ERF1 was expressed in the med25 mutant
plants, only partial activation of pPDF1.2-GUS ex-
pression was achieved (Fig. 4B). These experiments
indicate that both ERF1- and ORA59-dependent acti-
vation of PDF1.2 are dependent on MED25.

MED25 Is Required for MYC2-Dependent Activation
of VSP1

In contrast to ERF1 and ORA59, MYC2 acts as a
negative regulator of JA-inducible defense genes such as
PDF1.2 and a positive regulator of insect and herbivore
response genes such as VSP1 (Boter et al., 2004; Lorenzo
et al., 2004; Dombrecht et al., 2007). Therefore, we tested
the ability of MYC2 to activate VSP1 gene expression
in the med25 mutant by using the VSP1 promoter in
transactivation experiments. Expression of MYC2 in
wild-type plants resulted in induction of VSP1 expres-
sion. However, in the med25 mutant line, expression of
MYC2 resulted in significantly reduced expression of
VSP1 (Fig. 4C). These results demonstrate that MED25
is required for MYC2-dependent activation of VSP1.

ERF1-, ORA59-, and MYC2-Regulated Genes Are
Attenuated in med25

To further investigate the requirement of MED25 for
ERF1-, ORA59-, or MYC2-regulated gene expression,
we compared published microarray data from ERF1
and ORA59 overexpression lines (Lorenzo et al., 2003
Pré et al., 2008) and the myc2mutant (Dombrecht et al.,
2007) with microarray data obtained from the med25
mutant (Kidd et al., 2009; Fig. 5; Supplemental Tables
S1–S4). The ERF1-regulated gene list (e.g. genes that
are either activated or repressed in 35S:ERF1 relative to
the wild type) used in this comparison (Lorenzo et al.,
2003) consisted of 99 genes and 18 of these genes were
found to be in common with the med25-regulated genes
(Fig. 5A; Supplemental Table S2). The majority (16 out
of 18) of the common genes were ERF1-activated genes,

Figure 4. MED25 is required for proper transcriptional activation by
ERF1, ORA59, and MYC2 in transient activation assays in Arabidopsis
leaves. Schematic diagrams of the effector, reporter, and normalization
control constructs are shown in insets (A–C). The activity of the re-
porter gene GUS was normalized to the activity of the firefly LUC gene
cobombarded as a reference. Relative GUS/luciferase activity ratios
after cobombardment of the reporter, effector, and control constructs
are shown in A to C. MED25 is required by ERF1, ORA59, and MYC2
for both general transcriptional activation using the GAL4 binding
domain (BD) and upstream activation sequence (GAL4-UAS; A), as
well as for specific activation of the PDF1.2 promoter by ERF1 and
ORA59 (B) and for activation of the VSP1 promoter by MYC2 (C). Error
bars indicate SD. Data are from three biological replicates of two
bombarded leaves. Asterisks represent significant differences between

wild-type and med25 plants (two-way ANOVA, Tukey’s honestly sig-
nificant difference [HSD] test; * = P , 0.05; ** = P , 0.01; and *** =
P , 0.001). [See online article for color version of this figure.]
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and all 16 of these genes showed reduced expression
in the med25 microarray relative to the wild type (Fig.
5A; Supplemental Table S2). The gene list obtained
from the ORA59 microarray experiment contained 86
ORA59-activated genes (Pré et al., 2008), and of the 26
genes that were common to the ORA59- and med25-
regulated gene lists, almost all (25 out of 26) had re-
duced expression in med25 (Fig. 5B; Supplemental
Table S3). Finally, 116 genes were common between
the med25- and myc2-regulated gene lists (Dombrecht
et al., 2007; Fig. 5C; Supplemental Table S4). MYC2-
activated genes were found to be mostly repressed (41
out of 50) in med25, suggesting that MED25 is required

for their activation (Supplemental Table S4). In addi-
tion, genes that are repressed by MYC2 had also pre-
dominantly reduced expression in med25 (57 out of 66;
Fig. 5C; Supplemental Table S4). Therefore, both MYC2-
activated and MYC2-repressed genes are attenuated
in med25. Statistical tests using the hypergeometric
distribution (P , 0.001) showed that the number of
MED25-regulated genes found to be in common with
the TF arrays was significantly higher than expected,
given the total number of common genes present be-
tween each microarray experiment. In addition, as the
majority of the common genes showed reduced ex-
pression inmed25, this suggests that a functional MED25
may be required for activation of ERF1-, ORA59-, and
MYC2-regulated genes.

MED25 Is Required for Repression of JA-Associated
Defense Genes by MYC2

In the microarray comparisons, MED25 appeared to
be required for both MYC2-activated genes such as
VSP1, and MYC2-repressed genes such as PDF1.2, as
expression of both genes were reduced in the med25
mutant (Supplemental Table S4). To further investigate
whether MED25 is required for the repression of defense
genes byMYC2, we created amed25 myc2 double mutant
and analyzed gene expression in the double and single
mutants with and without JA treatment, using real-time
quantitative PCR (RT-qPCR; Fig. 6, A–E; Supplemental
Table S5). In support of previous results, the expression
of defense genes, PDF1.2, HEVEIN-LIKE (HEL), and
BASIC CHITINASE (CHI-B), were significantly reduced
in themed25 single mutant after JA treatment (Kidd et al.,
2009; Fig. 6, A–C). In the myc2 single mutant these genes
were expressed at a significantly higher level compared
with the wild type after JA treatment, confirming the
negative effect of MYC2 on JA-regulated defense gene
expression (Lorenzo et al., 2004; Dombrecht et al., 2007).
In the med25 myc2 double mutant, these genes were
significantly attenuated and showed an expression level
similar to that of the med25 single mutant (Fig. 6, A–C).
These results suggest that MED25 is essential for the
activation of PDF1.2, CHI-B, and HEL expression and
that MYC-mediated repression of these genes acts on a
pathway that is dependent on MED25.

To investigate howMYC2-mediated repression of JA-
responsive defense genes may be occurring, we ana-
lyzed the expression of ORA59 and ERF1 in the single
and double mutants. After JA treatment, ORA59 and
ERF1 expression was induced higher than the wild type
in the myc2 single mutant, confirming previously pub-
lished results (Fig. 6, D and E; Dombrecht et al., 2007;
Zander et al., 2010). Interestingly bothORA59 and ERF1
showed attenuated expression in the med25 myc2 dou-
ble mutant, relative to the myc2 single mutant. How-
ever, ORA59 and ERF1 expression levels in the double
mutant were not as strongly reduced as the defense
genes (e.g. PDF1.2) and appeared similar to the wild
type. These results suggest that MYC2 suppresses JA-

Figure 5. ERF1-, ORA59-, and MYC2-responsive genes have reduced
expression in med25. Genes differentially expressed by ERF1, ORA59,
and MYC2 were obtained from published gene lists; 35S:ERF1
(Lorenzo et al., 2003); XVE:ORA59 (Pré et al., 2008); and myc2
(Dombrecht et al., 2007). The total number of genes in each list is
shown in brackets under each genotype. Common genes with the
med25microarray were identified and presented as Venn diagrams (A–
C). The genes that were common between med25 and the TF lists
(med25-35S:ERF1 = 18; med25-XVE:ORA59 = 26; med25-myc2 =
116) were then used to construct heat maps and their expression
marked depending on whether they were induced or repressed com-
pared with the wild type in the med25 array and the 35S:ERF1, XVE:
ORA59, or myc2 arrays (A–C). Genes were then ranked according to
their expression in the TF array from highest to lowest to produce the
heat maps. Asterisks represent higher than expected common genes
using the hypergeometric distribution. * = P , 0.001. [See online ar-
ticle for color version of this figure.]
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associated defense genes through repression of the de-
fense-associated TFs, ERF1 and ORA59, and that this re-
pression by MYC2 is dependent on a functional MED25.

ORA59 Expression Is Reduced in the med25 Mutant

The reduced expression of ERF1-, ORA59-, andMYC2-
dependent genes in the med25microarray suggests that

the interaction with MED25 is important for ERF1-,
ORA59-, and MYC2 gene activation. However, an
alternative reason for reduced expression of ERF1-,
ORA59-, and MYC2-dependent genes could be re-
duced expression of the TFs themselves in the med25
mutant. We therefore examined the expression of
ERF1, ORA59, and MYC2 in the med25 microarray
experiment. The med25 microarray experiment in-
volved treatment with the hemibiotrophic pathogen

Figure 6. MED25 is required for the repression of defense-associated genes by MYC2. RT-qPCR analysis shows the med25
mutant has decreased expression of PDF1.2, HEL, CHI-B, and ORA59 relative to the wild type after JA treatment (A–C). The
expression of PDF1.2, HEL, and CHI-B is increased in myc2 after JA treatment, however remained attenuated in the med25
myc2 double mutant (A–C). The expression of ORA59 and ERF1 in the med25 myc2 double mutant was partially attenuated
relative to the myc2 single mutant after JA treatment and was expressed similar to the wild type (D and E). Data represents the
relative transcript abundance to the housekeeping genes (b-ACTIN2, b-ACTIN7, and b-ACTIN8). Error bars are SE of three
biological replicates of 15 plants per replicate. a, b, c, and d represent significance (P , 0.05) using a 2-way ANOVA with the
Bonferroni method applied as a post hoc test. [See online article for color version of this figure.]
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F. oxysporum, which is known to induce JA-associated
defense gene expression (Kidd et al., 2009; Thatcher
et al., 2009).
Interestingly, ORA59 expression was found to

be induced in the wild type by F. oxysporum infection
but was attenuated in med25 under both mock and
infected conditions (Supplemental Fig. S6A). In contrast,
ERF1 expression was unresponsive to F. oxysporum in-
fection and no significant difference in ERF1 expression
could be found between wild-type and med25 plants
(Supplemental Fig. S6B). Therefore, down-regulation of
JA-associated defense genes in the med25 microarray
could also be due to a reduction in ORA59 expression
but not ERF1. The expression of MYC2 in the med25
mutant appeared similar to the wild type in the
microarray experiment (Supplemental Fig. S6C). This
suggests that down-regulation of MYC2 target genes in
the microarray is not due to reduced expression of the
MYC2 gene but may be a result of the reduced tran-
scriptional activation ability of MYC2 protein in med25
mutant plants. We also looked at the expression of
MYC3 and MYC4 in the microarray. These genes also
showed no significant change in expression in the med25
mutant (Supplemental Fig. S6, D and E). Therefore, al-
terations in MYC3 or MYC4 expression cannot explain
the alterations in MYC2 target genes in med25. These
results suggest MED25 is required for the expression
of ORA59 but not ERF1 or the bHLH TFsMYC2,MYC3,
or MYC4.

ORA59 and Other MED25-Interacting AP2/ERFs Bind to
the ORA59 Promoter

The attenuation of ORA59 in the med25 mutant as
well as the results from the transcriptional activation
experiments suggests that MED25 is required both
upstream for the expression of ORA59 as well as
downstream for the activation of the JA/ET defense
pathway by the ORA59 protein. We performed yeast
one-hybrid (Y1H) experiments with the TF library us-
ing the promoter region of ORA59 as bait to determine
which TFs were able to interact with the ORA59 pro-
moter and therefore may be able to regulate ORA59
expression. Two overlapping fragments of the ORA59
promoter region were cloned and used to screen the TF
library (Fig. 7A). Thirteen AP2/ERF TFs were identified
that bind to the ORA59 promoter including ORA59
itself (Supplemental Table S6). With the exception of
At2g47520 and At1g03800, all of the AP2/ERFs iden-
tified belonged to group IX of the AP2/ERF family
and five of them were found to interact with MED25
(Supplemental Table S6). All 13 TFs were identified with
promoter fragment 2, while only five of these TFs showed
interaction with promoter fragment 1 (Supplemental
Table S6). The ORA59 promoter contains a GCC box
located between nucleotides 2369 and 2363 up-
stream of the translation start site (Fig. 7A) and it is
likely that the identified TFs bind to this element.
However, the small number of TFs identified with
promoter fragment 1 in the initial screen could be

due to the distance of this element from the translation
start site present in the reporter vector that was used
for the Y1H experiment as it has been shown that
transcription activation diminishes with distance in
yeast (Dobi and Winston, 2007). Supporting this, re-
testing of these TFs with the promoter fragment 1 in
the presence of 3-amino-1,2,4-triazole (3-AT) abolished
their transcription activation abilities, suggesting that the
observed interaction is rather weak (data not shown).
We therefore used promoter fragment 2 for further
analyses. We retested the four group IX AP2/ERF TFs

Figure 7. MED25-interacting AP2/ERFs can bind to the ORA59 pro-
moter in yeast. Schematics of the ORA59 promoter, with the GCC box
motif (located on 2369 to 2363) and the promoter fragments used for
the Y1H screen (A). mFragment2 contains point mutations in GCC box
and the mutated nucleotides are indicated in lowercase. TSS, Trans-
lation start site. Binding analysis of the TFs to the promoter fragments
Fragment2 and mFragment2 tested in Y1H using SD-Leu-Trp as well as
SD-Leu-Trp-His supplemented with 25 mM 3-AT (B). [See online article
for color version of this figure.]

Plant Physiol. Vol. 160, 2012 549

MEDIATOR25 as an Integrative Hub in Jasmonate Signaling

http://www.plantphysiol.org/cgi/content/full/pp.112.202697/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.202697/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.202697/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.202697/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.202697/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.202697/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.202697/DC1
http://www.plantphysiol.org/cgi/content/full/pp.112.202697/DC1


that interacted with MED25 as well as control TF
proteins ERF4 and GFP using selective media supple-
mented with 3-AT to further assess the strength of the
TF-promoter interaction using promoter fragment 2. In
nonselective media (SD-Leu-Trp), we observed growth
with the TFs ERF1, ORA59, and ERF15 as well as EFR4
and GFP. The TFs, ERF1, ORA59, and ERF15 showed
strong interaction with promoter fragment 2 on selec-
tive media (SD-Leu-Trp-His) in the presence of 3-AT,
while growth of the yeast cells with the TF TDR1/
ERF98 was weak. No growth was observed with ERF4
and GFP on selective media with 3-AT (Fig. 7B). To test
if the AP2/ERF TFs that were identified are binding to
the GCC box located on the ORA59 promoter, we
mutated the GCC box (GCCGCC to TCCTCA) in
fragment 2 and retested the same TFs with ERF4 and
GFP as controls. We found that the TFs were no longer
able to bind to the mutated promoter with the addition
of 25 mM 3-AT (Fig. 7B). These results suggest that the
GCC box is an important element for TF binding in the
ORA59 promoter. Overall these results show that a
number of MED25-interacting AP2/ERFs, including
ORA59 itself, are able to bind to the ORA59 promoter
and therefore provides evidence for a positive feedback
loop to further enhance ET/JA defense.

DISCUSSION

The Mediator complex, which functions as a uni-
versal adaptor for TFs, was recently identified in
Arabidopsis (Bäckström et al., 2007) and is expected
to have roles in integrating multiple plant signaling
pathways (Kidd et al., 2011; Mathur et al., 2011). In
accordance with this, the MED25 subunit of the Me-
diator complex has been shown to be a regulator of a
number of developmental and physiological processes
such as flowering time, cell size, abiotic and biotic
stress responses, as well as regulation of the JA sig-
naling pathway (Cerdán and Chory, 2003; Kidd et al.,
2009; Elfving et al., 2011; Iñigo et al., 2011; Xu and Li,
2011). Here we have identified 12 TFs that interact
with MED25. Some of the identified TFs (e.g. MYC2,
MYC3, MYC4, and the group IX AP2/ERF TFs) have
previously been shown to be important for correct
regulation of JA-associated herbivore and pathogen
defense genes. In this report, we explored the ability of
three of these TFs, ERF1, ORA59, and MYC2, to acti-
vate JA-dependent gene expression through MED25.
Using transcription activation assays, we found MED25
to be required for ERF1- and ORA59-dependent activa-
tion of the PDF1.2 gene as well as MYC2-dependent
activation of the VSP1 gene. These results suggest that
MED25 acts downstream of ERF1, ORA59, and MYC2
for the activation of PDF1.2 andVSP1 expression (Fig. 8).

To see whether MED25 may be required for other
ERF1-, ORA59-, and MYC2-regulated genes, we com-
pared published microarray data from ERF1 andORA59
overexpressing lines as well as myc2 and med25mutant
lines. Despite the limitations of comparing across dif-
ferent microarray experiments, a higher than expected

number of common genes were identified between the
microarray comparisons. In addition, of the ERF1-,
ORA59-, and MYC2-induced genes that were found to
be common with the med25 array, the majority showed
reduced expression in med25. While further experi-
ments are needed to determine whether MED25 in-
teracts directly with ERF1, ORA59, and MYC2 at the
promoter regions of these genes, these results suggest
that MED25 may be required for the regulation of
ERF1-, ORA59-, and MYC2-activated genes. In addi-
tion to the MYC2-activated genes, the genes repressed
by MYC2 were also reduced in med25. MYC2 is known
to repress ERF1- and ORA59-regulated defense genes
such as PDF1.2 (Lorenzo et al., 2004). To determine
whether the repression of these genes by MYC2 was
dependent on MED25, we created a med25 myc2 dou-
ble mutant and examined the expression of defense
genes (PDF1.2, HEL, and CHI-B), as well as the TFs
ERF1 and ORA59. As previously reported, the myc2
mutant was found to have increased expression of
PDF1.2, HEL, CHI-B, ERF1, and ORA59 relative to the
wild type after JA treatment, suggesting that MYC2-
mediated repression of JA-associated pathogen de-
fense genes may potentially occur through repression
of ERF1 and ORA59 expression (Lorenzo et al., 2004;
Dombrecht et al., 2007; Zander et al., 2010). In the
med25 myc2 double mutant, the expression of PDF1.2,
HEL, CHI-B, ERF1, and ORA59 was significantly at-
tenuated relative to the myc2 single mutant, suggesting

Figure 8. A proposed model of the role of MED25 in coordinating JA-
associated gene expression. ERF1 and ORA59 interact with MED25
and MED25 is required for activation of the PDF1.2 gene by these TFs.
ERF1 and ORA59 bind to the ORA59 promoter, providing evidence of
a positive feedback loop (shown by a looped arrow) to enhance
PDF1.2 expression and other ET- and JA-associated defense genes.
MED25 interacts with MYC2 and is required for the correct activation
of the VSP1 gene by MYC2. MED25 is also required for the suppres-
sion of ORA59, ERF1, and defense genes such as PDF1.2 by MYC2.
[See online article for color version of this figure.]
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that MYC2-mediated repression of JA-associated path-
ogen defense genes is at least partially dependent on
a functional MED25 (Fig. 8).
Lastly, as the ORA59 gene has reduced expression in

the med25 mutant, we decided to identify the TFs that
bind to the ORA59 promoter to see whether they also
interact with MED25. Using Y1H experiments we
found that ORA59 as well as other MED25-interacting
AP2/ERFs can bind to the ORA59 promoter. This
suggests a positive feedback loop for activation of JA
responses through ORA59 expression that may be at-
tenuated in the med25 mutant (Fig. 8).
Integrating these conclusions, we propose a model

for the role of MED25 in regulating the expression of
JA-associated defense genes such as PDF1.2 through
ERF1 and ORA59 as well as JA-associated herbivore
genes such as VSP1 through MYC2 (Fig. 8). MED25 is
also required for the suppression of defense genes by
MYC2 and is therefore important in the regulatory
cross talk between these two pathways. Finally,
MED25 is also important in the amplification of the JA
defense pathway through ORA59 expression (Fig. 8).
Therefore MED25 plays a critical role in the regulation
of the JA pathway for both pathogen and wound and
herbivore responses.
The novel finding reported herein that ORA59 in-

teracts with MED25 is particularly noteworthy, given
the primary integrative role proposed for this gene in
JA and ET signaling (Pré et al., 2008). The expression of
ORA59 has been shown to be essential for activation of
PDF1.2, as silencing of ORA59 leads to attenuated
PDF1.2 expression (Pré et al., 2008). Our data supports
this finding with reduced expression of both ORA59
and PDF1.2 expression in the med25 line despite wild-
type-like activation of ERF1 expression. As ORA59 but
not ERF1 expression was reduced in med25, this sug-
gests that ORA59 is regulated by a different tran-
scriptional pathway that is dependent on MED25. The
Y1H experiments aimed to identify the TFs that can
bind to the ORA59 promoter and revealed a number of
MED25-interacting TFs. However, further work is re-
quired to determine whether the MED25-dependent
regulation of ORA59 has some connection with its
essential role in PDF1.2 expression. Nevertheless, our
experiments suggest that the attenuation of PDF1.2
expression in med25 is compounded by at least two
factors. First, ORA59 expression levels are attenuated
in the med25 mutant, leading to reduced PDF1.2 ex-
pression and second, we showed that both ORA59
and ERF1 proteins have a reduced ability to activate
PDF1.2 expression in med25 that may further contrib-
ute to the reduced level of PDF1.2 expression. There-
fore our results reveal an important role for MED25
downstream of ORA59 and ERF1 for the activation of
defense gene expression.
As well as the defense-associated AP2/ERFs, we

identified the related bHLH TFs, MYC2, MYC3, and
MYC4 as MED25-interacting proteins and despite hav-
ing wild-type levels of MYC2, MYC3, and MYC4 ex-
pression in the microarray experiment, genes such as

VSP1 that are positively regulated by MYC2, were
reduced in med25. The reductions in VSP1 and other
MYC2-regulated genes could be due to the reduced
ability of MYC2 and potentially also MYC3 and MYC4
proteins, to activate transcription in the med25 mutant
(Fig. 8B). However, further experiments need to be
performed to ascertain the relative contribution of
MYC2, MYC3, and MYC4 in controlling activation as
well as repression through MED25.

Currently, 18 TFs have been identified to interact
with MED25 and all of the identified TFs have been
shown to interact with the MED25 fragment contain-
ing the ACID yet lacking the N-terminal vWF-A do-
main. Based on the results presented here as well as
others (Elfving et al., 2011; Ou et al., 2011), the Arab-
idopsis MED25 ACID domain appears to be an effec-
tive interaction domain for a number of TF proteins.
The TFs we identified belong to the AP2/ERF, bHLH,
MYB, WRKY, bZIP, and zinc-finger TF families, dem-
onstrating that the ACID domain of Arabidopsis MED25
is able to interact with a diverse range of plant TFs and
is therefore an important component in MED25’s regu-
latory function in a range of environmental, biotic, and
developmental processes.

Half of the MED25-interacting TFs that have been
identified belong to the AP2/ERF family of TFs and
two-thirds of the identified AP2/ERFs belong to the
group IXc with the remaining three AP2/ERFs be-
longing to groups IV, VII, and X (Nakano et al., 2006).
The identification of group IXc AP2/ERFs as opposed
to other AP2/ERF family members suggests that this
subgroup may preferentially bind to MED25. One
explanation for the identification of group IXc AP2/
ERFs as MED25-interacting proteins came with the
recent report of the EDLL motif of TDR1/ERF98
(Tiwari et al., 2012). The EDLL motif, otherwise
known as CMIX-1, is a conserved motif in the C ter-
minus of group IXc AP2/ERFs (Nakano et al., 2006).
Tiwari et al. (2012) recently reported that mutation of
the conserved Leu or deletion of the CMIX-1 motif in
TDR1/ERF98 removed the transcriptional activation
ability of this TF. We demonstrate that deletion of the
CMIX-1 motif in ORA59 as well as mutation of the
conserved Leu in ERF1, ERF15, and TDR1/ERF98
abolished the interaction with MED25. This suggests
a common domain among the group IXc AP2/ERFs
that interact with MED25 to recruit the Mediator
complex to activate transcription. Interestingly,Tiwari
et al. (2012) suggested that the CMIX-1 motif of
TDR1/ERF98 possessed a similar pattern of acidic
amino acids as the TAD from the potent viral activa-
tor VP16. VP16 is able to interact with human MED25
and the NMR analysis of MED25 bound to the VP16
TAD has recently been published (Bontems et al.,
2011; Eletsky et al., 2011; Milbradt et al., 2011; Vojnic
et al., 2011). While detailed structural studies on
the Arabidopsis MED25 have not been performed,
further investigation may reveal a common acidic
amino acid motif that can interact with MED25 to
activate transcription.
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Lastly, the interaction of MED25 with DREB2A has
recently been characterized (Blomberg et al., 2012). As
the CMIX-1 motif is not present in the DREB2A pro-
tein, it is likely that a different domain may be utilized
for MED25 interaction with DREB2A. Further investi-
gation of the CMIX-1 motif and the identification of
activation domains in the other identified TFs may
help uncover the ability of MED25 to interact with a
diverse range of TF proteins. In addition, further in-
vestigation of the other subunits of the Mediator com-
plex and their interaction partners could provide the
potential for discovering new links into a range of
plant signaling pathways.

CONCLUSION

In conclusion, the results presented in this article re-
veal a new role for MED25 as an integrative hub that
coordinates JA signaling through interaction with mul-
tiple TFs. We demonstrate a mechanistic role for MED25
acting downstream of key JA-associated TFs and identify
a common interaction domain in a subset of AP2/ERF
TFs. Further investigation of the other subunits of the
Mediator complex and their interaction partners could
provide the potential for discovering new links into a
range of plant signaling pathways. In addition future
research into the Mediator complex should reveal new
insights into the recruitment of the RNA polymerase II
transcription apparatus to promoter regions and the
transcription of protein-coding genes in eukaryotes.

MATERIALS AND METHODS

Plant Materials

Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 was used as the wild

type and the med25-2/pft1.2 (SALK_129555) and the myc2 mutant

(SALK_017005) was described previously (Anderson et al., 2004; Kidd et al.,

2009). The med25 myc2 mutant was created by pollinating an emasculated

myc2 mutant with med25 pollen. Double-mutant plants were confirmed by

PCR using the primers obtained using the iSct primers tool (http://signal.salk.

edu/cgi-bin/tdnaexpress) for the med25 and myc2 single transferred DNA

lines (SALK_129555 and SALK_017005). Arabidopsis plants were grown at

20°C with a 16-h-light/8-h-dark photoperiod and a light intensity of 140 mM

photons m22 s21. Nicotiana benthamiana plants were grown at 25°C under a

16-h-light/8-h-dark photoperiod. The methyl jasmonate treatments for the

RT-qPCR experiment were performed according to the method published by

Schenk et al. (2000).

TF Y2H and Y1H Library Screening

The TF library (REGIA + REGULATORS; RR Library) used in this study

has been described previously (Castrillo et al., 2011) and is a kind gift from the

authors. The TFs in this library had been fused to the GAL4 activation domain

(GAL4AD) into pDEST22 (Invitrogen). Two derivatives of MED25 were fused

to DNA-binding domain (GAL4BD) in pDEST32 (Invitrogen). pDEST32-

MED25DACID/Q-rich and pDEST32-MED25DvWFA/Q-rich constructs were

generated by fusing 1 to 558 amino acids and 228 to 681 amino acids of

MED25 protein with GAL4BD, respectively. To carry out Y2H screening of the

TF library with two different bait constructs, we first bulked the TF clones in

pDEST22 in each 96-well plate. Both bait and prey constructs were then

cotransformed into the yeast (Saccharomyces cerevisiae) strain MaV203 (Invi-

trogen) following manufacturer’s instructions, and the selection of the positive

clones were carried out on SD-Leu-Trp-His plates with 12.5 mM 3-AT to

prevent autoactivation by MED25. The positive protein-protein interactions

were further investigated as described by the ProQuest Y2H system

(Invitrogen). For the identification of MED25-interacting domain of ORA59,

three fragments of ORA59 were amplified with the primers pGWORA-F1

(59-AAAAAGCAGGCTTCATGGAATATCAAACTAACTTC-39) and pGWORA-

R1 (59-CAAGAAAGCTGGGTCTAGGGGAAATTGAGTACTGCG-39) for

ORA591-139; pGWORA-F2 (59-AAAAAGCAGGCTTCTCATACAGAGGAGT-

GAGGAAAC-39) and pGWORA-R2 (59-CAAGAAAGCTGGGTCTAAC-

TCTGTTTTCTACTTCTTGACG-39) for ORA5980-214; and pGWORA-F3

(59-AAAAAGCAGGCTTCGCGGATGTCGTTGAAGAATCTC-39) and pGWO-

RA-R3 (59-CAAGAAAGCTGGGTTCAAGAACATGATCTCATAAG-39) for

ORA59139-244 followed by second amplification with pAttB1 (59-GGGGACA-

AGTTTGTACAAAAAAGCAGGCT-39) and pAttB2 (59-GGGGACCACTTT-

GTACAAGAAAGCTGGGT-39), and cloned into the pDONRZeo plasmid

(Invitrogen). The entry clones were then recombined with the pDEST22 plasmid.

Y2H experiments were carried out as above using pDest32-MED25DvWFA/

Q-rich construct as bait.

To determine if the conserved Leu residueswithin ERF1, ERF15, and TDR1/

ERF98 proteins are crucial for MED25 interaction, we mutated Leu to Val using

QuickChange II site-directed mutagenesis kit (Agilent Technologies) following

manufacturer’s recommendations. Y2H experiments expressing either the

mutated or native proteins were carried out as above.

For Y1H screen, the TF clones in pDEST22 were individually transformed

into the yeast strain AH109 (MATa) and pooled 12 clones to a well in two 96-

well plates, in two alternative arrangements giving a total of four 96-well plates.

To generate pHISLEU2, the LEU auxotrophy marker was amplified from the

pDEST32 vector (Invitrogen) using primers SABR68 (59-ggggggatcctccgga-

CAACTGTGGGAATACTCAGGTATCG-39 contains a 59 BamHI site followed

by a Kpn2I site shown in lowercase) and SABR69 (59-ccccggatcccctgc aggtc-

gactctaCTACCCTATGAACATATTCC-39 includes a 59 BamHI site followed by a

SbfI site shown in lowercase) and the fragment was then ligated into the pHIS2.1

vector (Clontech) after SbfI and Kpn2I digestion replacing the TRP marker.

Gateway conversion (Invitrogen) of the resulting vector was then carried out.

Two promoter fragments of ORA59 (fragment 1: from 242 to 2478; fragment

2: from 2348 to 2836) were amplified from Arabidopsis (Columbia-0) geno-

mic DNA in a two-step PCR approach using the Gateway compatible specific

primers pOra59F1-F (59-AAAAAAGCAGGCTTC GTGCAATTGATCAC-

TATATTAGTTGAACTG-39) and pOra59F1-R (59-CAAGAAAGCTGGGT-

CGTGTCTAAGTGGCACTAAGTTTGGG-39) for fragment 1 or pOra59F2-F

(59-AAAAAAGCAGGCTTCCCGCCTTAGTTTCTGACAGAGTTTCGACTC-39)

and pOra59F2-R (59-CAAGAAAGCTGGGTCGAGTGTATGACGTACGGCG-

GCGTATTCCCG-39) for fragment 2, as well as the generic primers pAttB1 and

pAttB2, and cloned into the pDONRZeo plasmid (Invitrogen). The mutated

fragment2 (mFragment2), which contains mutated nucleotides in the GCC box,

was generated using QuickChange II site-directed mutagenesis kit (Agilent

Technologies) following manufacturer’s recommendations. The entry clones

were then recombined with the pHISLEU2 plasmid. pHISLEU2 vectors with

the promoter fragments were then transformed into the yeast strain Y187

(MATa). The pooled library and the bait clones were grown in SD-Trp or SD-

Leu media. The pooled library clones were mixed with the bait clones and 3 mL

of bait and prey were spotted and overlaid onto yeast peptone dextrose adenine

plates. After 1 d of growth at 30°C, diploid cells were replica plated on screening

plates (SD-Leu-Trp and SD-Leu-Trp-His 6 3-AT). Following a further overnight

incubation at 30°C, plates were replica cleaned to thin out the yeast and grown

for a further 3 d before scoring.

In Vitro Protein-Protein Interactions

His-tagged (63 His) MED25DVWA/Q-rich (228–681 amino acids) and GFP

were cloned into pDEST17 (Invitrogen) via the Gateway cloning system. GST-

tagged TFs as well as GFP were generated using the destination vector

pDEST15. The constructs were then transformed into Escherichia coli Rosetta II

cells (Merc4Biosciences) and proteins expressed at 30°C in the presence of 0.5 mM

isopropyl b-D-thiogalactoside. For His pull-down experiments, nickel-nitrilotri-

acetic acid agarose (Ni-NTA) magnetic beads (Qiagen) were used following the

manufacturer’s instructions. E. coli lysate containing His-MED25DVWA/Q-rich

or His-GFP was incubated with Ni-NTA magnetic beads for 1 h at 4°C. Fol-

lowing one wash with the extraction/interaction buffer, the poly-His proteins

immobilized with Ni-NTA magnetic beads were incubated with E. coli lysate

containing GST-tagged GFP or TFs for 3 h at 4°C. Following four washes,

proteins retained on the magnetic beads were eluted. The eluted proteins and

input fractions separated by SDS-PAGE were analyzed by immunoblotting with

anti-His (Invitrogen) or anti-GST (Sigma-Aldrich) antibodies.
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Transcriptional Activation Assays

Full-length MYC2, ORA59, and ERF1 were used to construct effector plas-

mids by fusing with the yeast GAL4 DNA-binding domain (GAL4DB)-coding

region under the control of the cauliflower mosaic virus 35S promoter into the

Gateway (GWC_RfB; Invitrogen) converted pJG vector (pGAL4DBGW; Gonzalez

et al., 2007; a kind gift from S. Conlan). pGAL4UAS:GUS was used as the re-

porter plasmid. To normalize reporter gene activity, we used p2X35S:fLUC as

control. The effector, reporter, and reference plasmids (3, 3, and 2 mg, respec-

tively) were delivered into rosette leaves of 5- to 6-week-old Arabidopsis plants

by particle bombardment using the Bio-Rad PDS-1000/He machine (Bio-Rad).

Cobombardment assays were performed as described previously (Rehmany

et al., 2005). Three replicates (two to three leaves for each replicate) were used for

each construct/genotype transformation experiment and each experiment was

repeated at least twice. After bombardment, the samples were incubated on one-

quarter-strength Murashige and Skoog medium at 22°C for 24 h, and then

quantified for luciferase and GUS activities. Luciferase assay system (Promega)

was used to quantify luciferase activity according to the manufacturer’s in-

structions. Fluorometric assays of GUS activity were performed as described

previously (Jefferson et al., 1987). Luminescence and fluorescence were deter-

mined with GENios microplate reader (Tecan).

For transient expression assays involving the PDF1.2 and VSP1 promoter

fragments, full-length MYC2, ORA59, and ERF1 were cloned into the plant

expression vector pEarleyGate100 (Earley et al., 2006) using Gateway recombi-

nation system (Invitrogen). The 1,187-bp promoter fragment of the PDF1.2 gene

(Zarei et al., 2011) and 1,860-bp VSP1 promoter fragment were amplified with

Gateway compatible primers and cloned into pDONRZeo (Invitrogen) and then

recombined with the binary vector pBGWFS7 (Karimi et al., 2002). The transient

expression assays by particle bombardment were essentially carried out same as

above except that the amount of the reporter plasmid used was 5 mg.

BiFC Experiments

For the BiFC experiments, YFPC:Med25DQ-rich and YFPC:Med25DACID/Q-

rich constructs were generated by fusing 1 to 681 amino acids and 1 to 558

amino acids of MED25 protein with the binary vector pBiFP-3 (Azimzadeh et al.,

2008), respectively. YFPN:Ora59, YFPN:ORA591-139, YFPN:ORA5980-214, and YFPN:

ORA59139-244 were generated by fusing the full length or 1 to 139, 80 to 214, and

139 to 244 amino acids of ORA59 with the binary plasmid pBiFP-2 (Azimzadeh

et al., 2008). We also coexpressed red fluorescent protein (mRFP), which accu-

mulates in the cytoplasm and nucleus, and provides a positive transformation

control. For this, we cloned mRFP into the binary plasmid pEarleyGate 100

(Earley et al., 2006) to generate 35S:mRFP. The constructs were then transformed

into Agrobacterium tumefaciens strain GV3101 (pMP90). A. tumefaciens-mediated

transient expression experiments were performed on 4- to 5-week-old N. ben-

thamiana plants. A. tumefaciens strains grown in Luria broth were harvested by

centrifugation and resuspended in infiltration medium (10 mM MES pH 5.6;

10 mM MgCl2; 150 mM acetosyringone) to a final OD600 of 0.5 and incubated at

room temperature for 3 h. For all transient coexpression assays, A. tumefaciens

strains carrying the constructs were mixed in a 1:1:1 ratio in infiltration medium

to a final OD600 of 0.2 and infiltrated into N. benthamiana leaves using a nee-

dleless syringe. Two days after infiltration, the images were obtained using an

LSM 710 laser scanning microscope (Carl Zeiss). Images were processed with

Zen software (Carl Zeiss) and ImageJ (Abramoff et al., 2004).

Microarray Comparisons

The med25 array was analyzed as previously reported (Kidd et al., 2009). The

genes differentially regulated by med25 were determined using a two-way

ANOVA for either genotype or treatment using GeneSpring (Agilent Technol-

ogies) and the gene list obtained based on the effect of genotype was used for

comparisons. To make the array more comparable to the myc2 gene list the

Benjamini and Hochberg false discovery rate was removed and only genes that

passed Student’s t test (P, 0.05) were compiled and compared with those genes

found to be significantly different in the 35S:ERF1 (Lorenzo et al., 2003), XVE:

ORA59 (Pré et al., 2008), and myc2 (Dombrecht et al., 2007) arrays using their

published gene lists. Common genes between med25 and the TF gene lists were

identified using either FiRe (Garcion et al., 2006) or manually using

the VLOOKUP function in Microsoft Excel 2007 (Microsoft Corporation). The

common genes were then sorted based on their fold-change expression in

the TF array and color coded depending on whether they were induced or re-

pressed. The statistical analysis on the common genes was performed using the

hypergeometric distribution in R (R Development Core Team, 2011). This

analysis calculates the likelihood of observing the number of common genes by

chance given the size of the two gene lists and the total number of common

genes from which the gene lists were derived.

RT-qPCR Analyses

RT-qPCR experiments were done as described previously using the

7900HT real-time PCR system (Applied Biosystems) in conjunction with SYBR

Green fluorescence to detect transcript levels (McGrath et al., 2005; Kidd et al.,

2009). Absolute gene expression levels relative to the previously validated

reference genes b-ACTIN2, b-ACTIN7, and b-ACTIN8 were used for each

complementary DNA sample using the equation: relative abundance =

[Egene^(2Ct gene)]/[EACTIN^(2Ct ACTIN)]. The mean expression range of

the reference gene was found to be within 61 Ct across all experiments. The

sequences of the primer pairs have been previously published (Anderson

et al., 2004; McGrath et al., 2005).

Sequence data from this article can be found in the Arabidopsis Genome

Initiative data libraries under the following accession numbers: MED25

(AT1G25540); MYC2 (AT1G32640); ERF1 (AT3G23240); ERF4 (AT3G15210);

WRKY10 (AT1G55600); MYB104 (AT2G26950); ERF15 (AT2G31230); bZIP

(AT2G31370); TDR1 (AT3G23230); MYC3 (AT5G46760); MYC4 (AT4G17880);

B-Box (AT4G39070); DREB2A (AT5G05410); PDF1.2 (AT5G44420); and VSP1

(AT5G24780).

Supplemental Data

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

Supplemental Figure S1. Pull-down experiment using GST-tagged TF pro-

teins with His-GFP protein as an additional control.

Supplemental Figure S2. Identification of MED25-interacting domain of

ORA59 in yeast.

Supplemental Figure S3. Detection of MED25-ORA59 interactions via

transient coexpression of YFPC:MED25DQ-rich and YFPN:ORA59,

YFPN:ORA591-139, YFPN:ORA5980-214, or YFPN:ORA59139-244 con-

structs as well as YFPC:MED25DACID/Q-rich with YFPN:ORA59 or

YFPN:ORA59139-244 constructs.

Supplemental Figure S4. Quantitative assays of b-galactosidase activity

reveal a reduction in LacZ activity in the interactions of MED25DvWF-

A/Q-rich fragment with mutant forms of TDR1, ERF1, and ERF15.

Supplemental Figure S5. Cotransformation of wild-type and med25 plants

with 35S:GUS and 35S:LUC constructs using particle bombardment

method shows no significant difference between wild-type and med25

plants for transformation efficiencies.

Supplemental Figure S6. The expression of ORA59, ERF1, MYC2, MYC3,

and MYC4 is unchanged in med25 relative to the wild type.

Supplemental Table S1. The med25 gene list used for the TF microarray

comparisons.

Supplemental Table S2. The genes that were common between the 35S:

ERF1 microarray gene list (Lorenzo et al., 2003) and the med25 micro-

array gene list (Kidd et al., 2009; Supplemental Table S1).

Supplemental Table S3. The genes that were common between the XVE:

ORA59 microarray gene list (Pré et al., 2008) and the med25 microarray

gene list (Kidd et al., 2009; Supplemental Table S1).

Supplemental Table S4. The genes that were common between the myc2

microarray gene list (Dombrecht et al., 2007) and the med25 microarray

gene list (Kidd et al., 2009; Supplemental Table S1).

Supplemental Table S5. The average relative expression of defense-

associated genes in the med25, myc2, and med25 myc2 mutants with or

without JA treatment using RT-qPCR.

Supplemental Table S6. The list of AP2/ERFs that were identified using

two different ORA59 promoter sequences in Y1H analyses along with

their groups according to Nakano et al. (2006).
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