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Abstract: As sessile organisms, plants are constantly exposed to a variety of environmental stresses
and have evolved adaptive mechanisms, including transcriptional reprogramming, in order to
survive or acclimate under adverse conditions. Over the past several decades, a large number of
gene-specific transcription factors have been identified in the transcriptional regulation of plant
adaptive responses. The Mediator complex plays a key role in transducing signals from gene-specific
transcription factors to the transcription machinery to activate or repress target gene expression.
Since its first purification about 15 years ago, plant Mediator complex has been extensively analyzed
for its composition and biological functions. Mutants of many plant Mediator subunits are not lethal
but are compromised in growth, development and response to biotic and abiotic stress, underscoring
a particularly important role in plant adaptive responses. Plant Mediator subunits also interact with
partners other than transcription factors and components of the transcription machinery, indicating
the complexity of the regulation of gene expression by plant Mediator complex. Here, we present a
comprehensive discussion of recent analyses of the structure and function of plant Mediator complex,
with a particular focus on its roles in plant adaptive responses to a wide spectrum of environmental
stresses and associated biological processes.

Keywords: mediator complex; plant stress responses; transcriptional regulation; biotic and abiotic
stress

1. Introduction

Transcription is the first step in gene expression. In eukaryotes, all nuclear protein-
coding genes are transcribed by RNA polymerase II (Pol II). Pol II and several general tran-
scription factors (GTFs), including transcription initiation factor IIA (TFIIA), TFIIB, TFIID,
TFIIE, TFIIF and TFIIH, assemble on the core promoters, forming a large multiprotein-DNA
preinitiation complex (PIC) for accurate transcription initiation [1,2]. Gene-specific tran-
scription factors determine the tissue- and cell-specific rates of gene expression [3]. These
specific transcription factors recognize specific upstream cis-acting DNA elements of their
target genes and activate transcription through recruitment of coactivators [4]. Some coacti-
vators act as chromatin modifiers or remodelers to mobilize nucleosomes, the basic unit of
chromatin structure, to facilitate access of the transcription apparatus and other regulators
to DNA [5]. Gene-specific transcription factors can also recruit histone-modifying enzymes
to chemically modify nucleosomes across active genes to provide surfaces for interaction
with regulatory protein complexes of transcription [4]. Other coactivators or regulators,
such as the Mediator complex, play an important role in transmitting information from
gene-specific transcription factors to the transcription machinery assembled at promoters
as PIC to control transcription initiation [6,7] (Figure 1).
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Figure 1. Eukaryotic transcription initiation by RNA polymerase II (Pol II). Gene-specific transcription
factors (TFs) bind regulatory cis-acting sequences and, through DNA looping, also interact with the
Mediator complex to coordinate the assembly of PIC, consisting of Pol II and general TFs at the core
promoters, to facilitate target gene transcription.

Mediator is a large complex with 25–40 subunits that are organized into three core
modules (head, middle and tail) and the dissociable cyclin-dependent kinase 8 (CDK8)
module (CKM) [7,8]. In the budding yeast, the head, middle and tail modules, as well as
CKM, consist of seven (MED6, MED8, MED11, MED17, MED18, MED20 and MED22), eight
(MED1, MED4, MED7, MED9, MED10, MED19, MED21 and MED31), five (MED2, MED3,
MED5, MED15 and MED16) and four (MED12, MED13, CDK8 and C-type cyclin or CycC)
subunits, respectively [9]. MED14 makes contact with the head, middle and tail modules
of the Mediator complex and is a central backbone for the three main Mediator modules,
whereas CKM is only transiently associated with the Mediator complex [7]. Five additional
subunits (MED23, MED25, MED26, MED28 and MED30) and several paralog components
of CKM are also present in mammalian Mediator complex [7]. The Mediator complex is
recruited to enhancer regions by specific transcription factors, which often involves direct
interactions between specific transcription factors and Mediator tail module subunits [7,10]
(Figure 1). Then, the Mediator complex can cooperate with PIC components, such as
TFIIB, TFIID, TFIIH and Pol II, to promote PIC assembly through specific protein–protein
interactions involving both the Mediator head and middle modules [7] (Figure 1). CKM
generally functions as a transcription repressor under steady-state growth conditions [11].
The binding of CKM to the core Mediator complex sterically inhibits Mediator from binding
to PIC, and the activity of Mediator to stimulate transcription initiation is accompanied by
the dissociation of CKM [11]. However, under certain stress conditions, CKM can function
as a positive regulator of gene transcription, possibly by releasing Mediator and allowing
for its interaction with PIC [11].

Since it was first purified from Arabidopsis more than 15 years ago [12], plant Mediator
complex has been extensively analyzed. First, a combination of biochemical, molecular
and bioinformatics approaches led to successful identification and annotation of not only
conserved but also divergent and plant-specific Mediator subunits in Arabidopsis and
other plants [13] (Table 1). Second, mutants for many Arabidopsis Mediator subunits have
been isolated and functionally characterized. Unlike in yeast and mammalians, where
knockout of various Mediator subunits is lethal, mutations in many Arabidopsis Mediator
subunits are not lethal but cause defects in growth, development and response to biotic
and abiotic stimuli [13–17]. These observations suggest that plant Mediator complex
has a particularly important role in plant adaptive responses and is an ideal system for
analysis of the mechanisms by which Mediator regulates transcription of target genes and
associated biological processes (Table 1). In this review, we discuss recent developments in
the investigation of the structure and function of plant Mediator, with particular focus on
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its roles in the regulation of plant adaptive responses to a wide spectrum of environmental
stresses and associated biological processes (Table 1).

Table 1. Arabidopsis Mediator subunits and their roles in plant adaptive responses.

Moule Subunit Gene
Identifier

Homolog 1 Roles in Plant Adaptive Responses 2

Yeast Human Interacting Partners Regulated Processes

Head

MED6 At3g21350 + +

MED8 At2g03070 + + MED25, FAMA, NOT2 Plant defense, ROS response

MED11 At3g01435 + +

MED17 At5g20170 + + HsfA1 Heat response

MED18 At2g22370 + + NRPD2a, YY1, HLS1, ABI4 Plant defense, ABA signaling

MED19a At5g12230 + + ELENA1, HaRxL44 Plant–pathogen interactions

MED19b At5g19480 + + Unknown Unknown

MED20a At2g28230 + + Unknown Unknown

MED20b At4g09070 + + Unknown Unknown

MED20c At2g28020 + + Unknown Unknown

MED22a At1g16430 + + Unknown Unknown

MED22b At1g07950 + + Unknown Unknown

MED28 At3g52860 − + Unknown Unknown

MED30 At5g63480 − + Unknown Unknown

Middle

MED1 At2g15890 + + Unknown Unknown

MED4 At5g02850 + + Unknown Unknown

MED7a At5g03220 + + Unknown Unknown

MED7b At5g03500 + + Unknown Unknown

MED9 At1g55080 + + Unknown Unknown

MED10a At5g41910 + + TPL JA signaling

MED10b At1g26665 + + Unknown Unknown

MED14 At3g04740 + + MED2. MED16, HsfA1 Cold response, heat response,
plant defense

MED21 At4g04780 + + TPL, HUB1 Plant defense

MED26a At3g10820 − + Unknown Phenylpropanoid biosynthesis

MED26b At5g05140 − + Unknown Unknown

MED26c At5g09850 − + Unknown Unknown

MED31 At5g19910 + + Unknown Unknown
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Table 1. Cont.

Moule Subunit Gene
Identifier

Homolog 1 Roles in Plant Adaptive Responses 2

Yeast Human Interacting Partners Regulated Processes

Tail

MED2 At1g11760 + + CBFs Cold response,
phenylpropanoid biosynthesis

MED3 At3g09180 + + Unknown Unknown

MED5a At3g23590 + + Unknown Phenylpropanoid biosynthesis

MED5b At2g48110 + + Unknown Phenylpropanoid biosynthesis

MED15a At1g15780 + + Unknown Plant defense

MED15b At1g15770 + + Unknown Plant defense

MED15c At2g10440 + + Unknown Plant defense

MED16 At4g04920 + + MED25, ABI5, CBFs,
FIT, STOP1

ABA signaling, cold responses,
response to Fe and Pi limitation,
phenylpropanoid biosynthesis

MED23 At1g23230 − + Unknown Phenylpropanoid biosynthesis

MED25 At1g25540 − +

COI1, JAZ, ORA59, ERF1,
MYC2, HAC1, PRP39a,
PRP40a, ABI5,
EIN3/EIL1, PIF4

JA signaling, plant defense, ABA
signaling, ethylene signaling,
shade response

CKM

MED12 At4g00450 + + WRKY6, WRKY18. TGAs SAR

MED13 At1g55325 + + TPL SAR

CDK8 At5g63610 + + WIN1, RAP2.6
SAR, plant defense,
ABA signaling,
phenylpropanoid biosynthesis

CYCCa At5g48630 + + Unknown Unknown

CYCCb At5g48640 + + Unknown Unknown

Unknown

MED34 At1g31360 − − Unknown Unknown

MED35a At1g44910 − − Unknown Unknown

MED35b At3g19670 − − Unknown Unknown

MED35c At3g19840 − − Unknown Unknown

MED36a At4g25630 − − ELENA1 SAR

MED36b At5g52470 − − Unknown Unknown

MED37a At5g28540 − − Unknown Unknown

MED37b At1g09080 − − Unknown Unknown

MED37c At3g12580 − − Unknown Unknown

MED37d At5g02500 − − Unknown Unknown

MED37e At5g42020 − − Unknown Unknown

HAC1 At1g79000 − − MED25 JA signaling

HAC5 At3g12980 − − MED25 JA signaling
1 + indicates that the organism contains the homolog known as a Mediator subunit; − indicates that the organisms
does not contain the homolog known as a Mediator subunit. 2 The interacting partners and regulated processes
of only those Mediator subunits that have been analyzed to have critical roles in plant adaptive responses to
environmental stresses are indicated and are also discussed in the review.

2. Conserved and Unique Features of Transcription and Mediator Complex in Plants

As sessile organisms, plants have many unique traits in terms of growth, development,
metabolism and responses to environmental stimuli. Although the basic mechanisms of
transcription are highly conserved in all eukaryotes, plants have distinct programs for
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transcriptional regulation of gene expression. A case study was conducted on special
transcription control in plants in the presence of two non-redundant plant-specific RNA
polymerases, Pol IV and Pol V, which produce non-coding RNAs required for transcrip-
tional gene silencing through the RNA-directed DNA methylation (RdDM) pathway [18].
In addition, expansion of general transcription factors has been observed, particularly
the TFIIB-like factors, with at least 14 members in Arabidopsis [19,20]. In contrast, TFIIB
often has only two homologs, Rrn7 and Brf1, in other eukaryotes as general transcription
factors for Pol I and Pol III, respectively [19]. Molecular and genetic analysis has revealed
important functions of these TFIIB-like factors in many plant-specific biological processes,
including gametogenesis, pollen tube growth guidance, endosperm development and
plant–microbe interactions [20]. There is a functional interplay between Mediator and
TFIIB in PIC assembly, which is closely related to the promoter architecture through specific
protein–protein interactions [21]. The expansion of the TFIIB family in plants could have
important implications in the formation of multiple PICs and their physical and functional
interactions with Mediator in the transcription regulation of plant genes.

Although the overall Mediator structure and function are well conserved among yeast,
animals and plants, numerous studies have revealed significant divergence in plant Media-
tor composition and its coordination with other components of transcription machinery.
Purification of plant Mediator from Arabidopsis suspension cultures was first reported in
2007 [12]. Mass spectrometry of purified Arabidopsis Mediator identified 19 conserved
MED subunits associated with the head, middle and tail modules. CKM was not copurified
in the purified Arabidopsis Mediator, although its subunits (MED12, MED13, CDK8 and
CycC) have already been identified from genetic and sequence analysis [22,23]. There
were also six plant-specific MED subunits (MED32-MED37) in the purified Arabidopsis
Mediator, but subsequent sequence analysis indicated that Arabidopsis MED32 and MED33
are orthologs of human MED29 and MED24 and yeast MED2 and MED5, respectively [24]
(Table 1). Among the remaining four plant-specific Mediator subunits, MED34 is a (d)NTP-
dependent 3′ -> 5′ DNA helicase (RecQ-like2 or RECQL2). MED35 is an mRNA-splicing
factor (PRE-mRNA PROCESSING PROTEIN 40A or PRP40A). MED36 is an rRNA methyl-
transferase (FIBRILLARIN 2 or FIB2) that can methylate histone H2A in the promoter of
ribosomal genes. MED37 is an endoplasmic reticulum (ER)-localized heat shock protein 70
(BINDING PROTEIN1 or BIP1).

In a more recent study, Guo and colleagues reported affinity purification of Arabidop-
sis Mediator from transgenic Arabidopsis plants expressing six FLAG-tagged conserved
Mediator subunits: MED8, MED11, MED18, MED4, MED31 and MED25 [25]. Mass spec-
trometry identified 28 conserve Mediator subunits, including those of CKM (MED12,
MED13, CDK8 CycC1-1 and CycC1-2) [25]. These results provide experimental evidence
that CKM is part of the Arabidopsis Mediator complex. In contrast to the Arabidopsis
Mediator purified from suspension cultures [12], the purified Mediator complex from
transgenic Arabidopsis plants contains no MED34, MED35 or MED36 [25]. MED37A was
identified not only in multiple Mediator transgenic plants but also in wild-type (WT)
control plants [25]. These results do not support the classification of MED34-MED37 as
plant-specific Mediator subunits. On the other hand, two homologs of cyclic adenosine
monophosphate response element binding protein (CREB) binding protein (CBP)/p300
histone acetyltransferases, HAC1 and HAC5, were copurified with the Mediator complex
from transgenic Arabidopsis plants (Table 1). Further analysis indicated that Mediator
subunits MED8 and MED25 are partially responsible for the association of Mediator with
HAC1 and HAC5 [25]. Arabidopsis MED8/25/ and HAC1/5 coregulate gene expression to
affect flowering time and floral development [25]. HAC1 also interacts with MED25 in the
regulation of gene transcription during jasmonic acid (JA) signaling [26]. The copurification
of HAC1 and HAC5 with Arabidopsis Mediator indicates that these CBP/p300 proteins
interact with the whole Mediator complex and likely function as plant-specific Mediator
subunits. Intriguingly, there is also synergism between CBP/p300 and Mediator in the
regulation of transcription in mammals [27,28].
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Although Mediator is generally considered to be a coactivator complex for Pol II, there
have been reports that yeast Mediator is involved in regulating Pol III transcription of
tRNAs [29]. In support of a broad role of Mediator in transcription, it has been reported
that yeast Mediator is associated not only with Pol I and Pol III but also with proteins
involved in transcription elongation and RNA processing [30]. In Arabidopsis, Mediator
subunit MED18, which regulates flowering, hormone signaling and plant immunity [31,32],
also interacts with NUCLEAR RNA POLYMERASE D2a (NRPD2a) [33], the second largest
subunit of plant-specific Pol IV and Pol V [33]. Mutants for both MED18 and NRPD2a share
phenotypes in compromised resistance to necrotrophic fungal pathogen Botrytis cinerea,
reduced accumulation of reactive oxygen species, altered levels of salicylic acid (SA) and
JA and expression of genes associated with plant–pathogen interactions [33]. The novel
physical and functional interaction between subunits of Mediator and plant-specific RNA
Pol IV and Pol V provides strong evidence for a critical role of Mediator in RNA-directed
DNA methylation and epigenetic regulation of plant genes.

3. Mediator Complex in Signaling of JA, a Stress-Responsive Hormone

JA is a lipid-derived plant hormone that regulates plant responses to both biotic and
abiotc stresses by activating genome-wide transcription of JA-responsive genes [34,35].
The basic helix–loop–helix (bHLH) transcription factor MYC2 is a master regulator of
JA signaling and responses [36,37]. In the absence of jasmonoyl-isoleucine (JA-Ile), the
bioactive JA ligand, MYC2 is associated with a group of JASMONATE-ZIM DOMAIN
(JAZ) repressor proteins, which recruit the general co-repressor TOPLESS (TPL) to form
a repressor complex that prevents MYC2 from activating transcription of JA-responsive
genes [38–40]. In the presence of JA-Ile, JAZ proteins form complexes with the JA receptor
CORONATINE-INSENSITIVE1 (COI1), which is an F-box subunit of SCFCOI1 ubiquitin E3
ligase and targeted for degradation by the 26S proteasome [41–43]. Degradation of JAZ
proteins leads to derepression of MYC2 to activate the transcription of JA-responsive genes.

The Mediator complex plays an essential role in diverse aspects of JA signaling and
responses. The transcriptional repressive activity of the TPL general corepressor is directly
associated with the Mediator complex [44]. TPL is recruited by numerous transcription
repressors, including JAZ and Aux/IAA proteins, to repress JA- and auxin-responsive
genes, respectively [45–47]. TPL also recruits CKM to the Mediator complex through
direct interaction with the MED13 subunit of CKM, thereby inhibiting Mediator from
binding to PIC and the activity of Mediator to stimulate transcription [48]. In the presence
of high auxin levels, proteolysis of Aux/IAA repressor proteins releases TPL and CKM,
leading to derepression of both ARF transcription activators and Mediator to activate
auxin-responsive genes [48]. A similar mechanism for derepression of MYC2 is also likely
in the presence of high JA-Ile to activate JA-responsive genes. More recently, it has been
reported that the potent repression domain in helix 8 within the CT11-RanBPM (CRA)
domain of TPL also directly interacts with the Mediator middle module subunits, MED21
and MED10 [44]. The interaction between TPL and the Mediator subunits, apparently for
recruitment of the entire core Mediator complex (head, middle and tail) to TPL-repressed
loci, is required to maintain repression [44]. Further analysis suggests that TPL binding
prevents the formation of a fully active Mediator complex that is unable to recruit Pol
II for assembly of PIC. TPL recognizes the N-terminus of MED21, which is required for
recruitment of Pol II [44]. Thus, TPL can regulate Mediator activity through at least two
different mechanisms by binding to distinct Mediator subunits.

The multifunctional Mediator subunit MED25 acts an integrator of JA signaling by
physically interacting not only with components of JA signaling but also with multiple tran-
scription and epigenetic regulators [49]. First, MED25 interacts with JA receptor COI1 and
some JAZ repressors and promotes COI1–JAZ interaction and subsequent JAZ degradation
in response to active JA-Ile hormones [26] (Figure 2). JAZ degradation leads to weakened
MED25–COI1 interaction. Second, upon JA-dependent JAZ degradation, MYC2 recruits
MED25 to the promoters of MYC2-targeted JA-responsive genes through direct interaction
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to promote PIC assembly for their transcriptional activation [50] (Figure 2). MYC2-targeted
JA-responsive genes also include those encoding intermediate transcription factors, such as
AP2/ERF transcription factors ORA59 and ERF1, which further recruit MED25 through
physical interaction to activate downstream JA-responsive defense-related genes, thereby
amplifying JA-mediated transcriptional output [51,52]. Third, MED25 interacts with histone
acetyltransferases HAC1 and HAC5 on MYC2 target gene promoters (Figure 2). The HAC1
and HAC5 epigenetic regulators selectively regulate histone H3 lysine 9 (H3K9) acetylation
at MYC2 target gene promoters to promote Pol II recruitment and transcription [26]. The
MYC2–MED25–HAC1 interactions are enhanced in the presence of JA, largely due to the ac-
tion of the Groucho/Thymidine uptake 1(Gro/Tup1) family protein LEUNIG_HOMOLOG
(LUH) [53]. LUH promotes MYC2–MED25–HAC1 interactions by interacting with both
MED25 and HAC1 through distinct domains to amplify the transcription output in JA
signaling [53] (Figure 2). Fourth, MED25 is involved in finetuning of transcription output of
JA signaling to prevent excessive activation of JA-mediated defense responses, which could
lead to severe growth inhibition. One mechanism for finetuning is through regulation of
alternative splicing of JAZ genes, which generates JAZ repressor variants that are unable to
interact with SCFCOI1 for degradation [54,55] (Figure 2). Both MYC2 and MED25 are re-
quired for JA-induced production of JAZ splicing variants [56]. On the other hand, MED25
also physically interacts with splicing factors PRP39a and PRP40a to recruit them to JAZ loci
to promote the full splicing of JAZ genes, thereby maintaining JAZ variants at appropriate
levels [56]. Another mechanism for finetuning is through induction of negative regulators
of JA-mediated transcriptional responses. In tomato, MYC2 and MED25 activate expression
of a group of MYC2-targeted BHLH (MTB) proteins, which contain DNA-binding and
JAZ-interacting domains, like MYC2, but lack the MED25-interacting domain [57]. As a
result, these MTB proteins function as JA-induced transcription repressors by disrupting
the interaction of MYC2 with MED25 and by impairing the binding of MYC2 to its target
promoters [57] (Figure 2). Therefore, MED25 plays an important role in almost every step
of JA-mediated transcription, including SCFCOI1-mediated degradation of JAZ repressors,
MYC2-dependent PIC assembly, epigenetic regulation, mRNA processing and induction of
MTB repressors for negative feedback regulation of JA signaling.

Figure 2. Mediator subunit MED25 coordinates with various partners in the derepression, activation
and finetuning of transcription of JA-responsive genes.

4. Function of the Mediator Complex in Broad Plant Biotic Interactions

Plants respond to pathogens using two interconnected innate immune systems: PTI
(pathogen-associated molecular pattern (PAMP)-triggered immunity) and ETI (effector-
triggered immunity) [58]. PTI is activated by PAMPs, such as bacterial flagellin upon
their recognition by cell surface pattern-recognizing receptors (PRRs). To suppress PTI,
pathogens deliver effectors to plant cells to promote infection. However, some of the
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effectors can activate ETI upon their recognition, either directly or indirectly, by plant
disease resistance proteins. ETI is often manifested as hypersensitive responses (HRs),
which are associated with accumulation of plant defense signal molecule salicylic acid (SA)
not only in infected cells but also in upper uninfected tissues to establish systemic acquired
resistance (SAR) [59]. HR and SA-mediated SAR are important defense mechanisms
against biotrophic pathogens, which rely on a feeding relationship with the living plant
cells during the infection process. Studies conducted in the past decade have shown that
plant Mediator is closely involved in the regulation of various aspects of plant innate
immune systems (Figure 3).

Figure 3. Roles of Mediator subunits in plant defense. Whereas CAMTA1/2/3 transcription fac-
tors suppress SA accumulation, CKM is a positive regulator of SA biosynthetic ICS1 and EDS5
genes to promote SA accumulation. CMK also coordinates with WRKY and TGA transcription
factors to promote NPR1 and PR1 expression, respectively. The Mediator subunit MED19a is also
involved in the regulation of pathogen-induced PR1 expression. In the absence of pathogen infection,
MED19a is associated with MED36a/FIB2, which suppresses PR1 expression. Pathogen infection
induces ELENA1, a long non-coding RNA, which binds both MED19a and MED36a/FIB2 to disrupt
their association, thereby activating PR1 expression. The nuclear HaRx44 effector from oomycete
downy mildew pathogen H. arabidopsidis interacts with MED19a and targets its degradation by the
proteasome system.

One of the best characterized bacterial PAMPs is elf18, which is derived from bac-
terial translation elongation factor EF-Tu and recognized by the EF-Tu receptor (EFR) in
Arabidopsis [60]. Previously, an ELF18-induced long non-coding RNA, ELENA1, was iden-
tified and shown to be a positive transcriptional regulator of immune-responsive genes [61].
ELENA1 directly interacts with MED19a and promotes enrichment of the complex at the
PATHOGENESIS-RELATED GENE 1(PR1) promoter to enhance the expression of the de-
fense gene (Figure 3). More recently, it was shown that FIB2(MED36a) can directly interact
with both ELENA1 and MED19a [62] (Figure 3). However, unlike ELENA1 and MED19a,
FIB2(MED36a) functions as a negative transcriptional regulator of for immune-responsive
genes, including PR1 (Figure 3). Further genetic and biochemical investigation has re-
vealed that the FIB2(MED36a) repressor suppresses the transcription-activating activity of
MED19a at the PR1 promoter to repress its expression [62] (Figure 3). ELENA1 can evict
FIB2(MED36a) from the MED19a activator to derepress PR1 gene expression [62] (Figure 3).
These studies reveal complexity in the transcriptional regulation of defense-related genes
involving not only transcription factors, Mediator subunits and long non-coding RNA. The
critical role of MED19a in plant defense is supported by the finding that this Mediator
subunit is targeted for degradation by the effector protein HaRxL44 from oomycete downy
mildew pathogen Hyaloperonospora arabidopsidis [63] (Figure 3).

Genetic analysis has shown that CKM functions as a positive regulator of SA accumu-
lation and SAR [64] (Figure 3). In Arabidopsis, calmodulin-binding transcription activators
CAMTA1, 2 and 3 function redundantly as negative regulators of plant immunity, and
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their triple mutants display severe dwarfism due to autoimmunity [64] (Figure 3). Genetic
suppressor screens led to the discovery that a mutation of CDK8 gene could partially sup-
press the dwarf, constitutive SA accumulation and resistance phenotypes of the camta1/2/3
triple mutant [64]. In the cdk8 mutants, both free and total SA levels were reduced under
uninfected conditions but returned to normal levels 24 h after pathogen inoculation relative
to those in WT. These results indicate that CDK8 regulates steady-state SA accumulation.
Likewise, expression of SA biosynthetic ICS1 and EDS5 genes was downregulated under
uninfected conditions but returned to normal after pathogen inoculation in the cdk8 mutants
when compared to those in WT (Figure 3). Importantly, the cdk8 mutants were compro-
mised in SAR [64]. Mutations of the gene for the MED12 subunit of CKM resulted in similar
phenotypes of reduced steady-state SA levels and compromised SAR [64]. These results
indicate that the whole CKM of plant Mediator plays a critical role in the transcriptional
regulation of SA accumulation and SAR (Figure 3).

NONEXPRESSOR OF PR1 (NPR1) is required for SA-induced defense responses and
reprogramming of large-scale gene expression associated with SAR [65]. Recombinant
NPR1 binds SA [66–68], and this SA-binding activity is required for the activation of
SA-responsive defense genes by NPR1 [66]. Upon SAR induction, NPR1 is localized to
the nucleus, where it interacts with TGA and TCP transcription factors to activate PR
gene expression [69,70]. NPR1 is expressed at low levels in healthy uninfected plants
and can be induced by pathogen infection and SA treatment. Induction of NPR1 may be
a critical step in plant defense responses. We previously identified W-box sequences in
the NPR1 gene promoter that are recognized by SA-induced WRKY transcription factors,
such as WRKY18 from Arabidopsis [71]. We showed that SA-induced WRKY transcription
factors act upstream of NPR1 and positively regulate its expression during the activation
of plant defense responses [71]. More recently, it was reported that SA promotes NPR1
interaction with both CDK8 and WRKY18 to recruit them to its own promoter and enhance
its own expression [72] (Figure 3). Consistent with this finding, CDK8 and its associated
MED12 and MED13 positively regulate NPR1 and PR1 expression and play an important
role in both local defense and SAR. CDK8 also interacts with WRKY6, WRKY18 and TGA
transcription factors and recruits Pol II to the NPR1 and PR1 loci promoters to promote their
expression (Figure 3). These results indicate that CKM of plant Mediator plays a critical
role in transmitting information from NPR1, WRKY and TGA transcription activators to
the transcription machinery to facilitate transcription of NPR1 and PR1 genes during plant
defense responses [72] (Figure 3).

Contrary to biotrophic pathogens, necrotrophic pathogens kill plant cells at very early
stages of infection to extract nutrients from dead or dying host cells [73]. HR, which is
highly effective against biotrophic pathogens, is promoted by necrotrophic pathogens
to facilitate infection [74]. In addition, resistance to biotrophic pathogens is associated
with enhanced SA signaling, resistance to necrotrophic pathogens depends on JA and
ethylene signaling and the synthesis of the phytoalexin camalexin [75–79]. Given its
positive role in JA signaling, MED25 is required for plant defense against necrotrophic
pathogens. Mutation of MED25 in Arabidopsis increases susceptibility to necrotrophic
pathogens Alternaria brassicicola, Botrytis cinerea and Sclerotinia sclerotiorum [80,81]. MED8
can act together with MED25 in regulation of plant immunity or act independently through
interaction with a bHLH transcription factor, FAMA, which also plays a critical role in plant
resistance to B. cinerea [82]. FAMA also interacts with some JAZ proteins and regulates JA-
mediated defense genes, including THIOGLUCOSIDASE GLUCOHYDROLASE 1 (TGG1),
which encodes a myrosinase that hydrolyzes glucosinolates to produce chemically active
compounds that are highly toxic to herbivores and pathogens [83].

MED18 also plays a critical role in defense against necrotrophic pathogens. Ara-
bidopsis med18 mutants displayed enhanced susceptibility to B. cinerea but with increased
expression of PDF1.2, a JA/ethylene-responsive gene [31]. This result indicates that unlike
MED25, MED18 appears to regulate plant immune response against necrotrophic pathogens
through a JA-independent pathway. MED18 interacts with a zinc-finger transcription fac-
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tor, YIN YANG 1(YY1), the mutations of which also result in increased susceptibility to
B. cinereal [31]. MED18 and YY1 suppress expression of glutaredoxin genes GRX480 and
GRXS13, as well as thioredoxin gene TRX-h5, which promote disease susceptibility to
B. cinereal [31]. MED18 also interacts with HOOKLESS1 (HLS1), a putative histone acetyl-
transferase, to promote the transcription of WRKY33, which encodes a transcription factor
important for pathogen-induced phytoalexin biosynthesis and resistance to necrotrophic
pathogens [32,84,85]. As discussed earlier, MED18 also interacts with NRPD2a, the second
largest subunit of plant-specific nuclear Pol IV and Pol V [33]. Mutants for both MED18
and NRPD2a were found to be hypersusceptible to necrotrophic fungal pathogen B. cinerea.
Mutants for NRPD1a, the largest subunit of Pol IV, also displayed enhanced susceptibility
to the necrotrophic pathogen. Transcriptome profiling identified altered expression of genes
in the med18 and nrpd2a mutants associated with disease-resistance proteins, as well as SA
and JA signaling and responses [33]. The interaction between MED18 and plant-specific
RNA polymerases provides a new mechanism for epigenetic regulation in plant immunity.

Other Mediator subunits with critical roles in plant defense against necrotrophic
pathogens include MED21 and CDK8. Arabidopsis RNA interference lines with reduced
MED21 expression are highly susceptible to A. brassicicola and B. cinereal [86]. MED21 inter-
acts with HISTONE MONOUBIQUITINATION1 (HUB1), a RING E3 ligase. Mutants of
HUB1 also display increased susceptibility to the necrotrophic fungal pathogens, whereas
HUB1 overexpression enhances resistance to B. cinereal [86]. The role of HUB1 in defense
against necrotrophic pathogens is independent of JA and subject to the influence of ethylene
and SA [86]. The MED21–HUB1 interaction is likely important for chromatin modification
at specific defense gene loci and plays regulatory roles in plant defense against necrotrophic
fungi through modulation of gene expression [86]. The roles of CDK8 in plant resistance
to necrotrophic pathogens are somewhat more complicated [87]. First, Arabidopsis cdk8
mutants exhibit enhanced susceptibility to A. brassicicola but resistance to B. cinerea. The
increased susceptibility of the cdk8 mutants to A. brassicicola is consistent with the positive
role of CDK8 in the transcriptional activation of defensin gene PDF1.2 and in JA-mediated
defense [87]. It is also consistent with the association of CDK8 with the promoter of AGMA-
TINE COUMAROYL TRANSFERASE to promote its transcription and the biosynthesis of
the defense-active secondary metabolites hydroxycinnamic acid amides [87]. The negative
role of CDK8 in the resistance to B. cinerea is related to its role in cuticle development
through interaction with the transcription factor WAX INDUCER1 (WIN1) [87]. Impaired
defense responses in the cdk8 mutant are masked by its altered cuticle, which results in
increased resistance, specifically to B. cinereal [87].

5. Mediator Complex as a Central Regulator of ABA-Mediated Stress Responses

Abscisic acid (ABA) is a key stress-signaling phytohormone that accumulates under
osmotic stress conditions, such as drought and high salinity, and plays an important role
in plant stress responses [88]. Core components in ABA signaling include ABA receptors
PYRABACTIN RESISTANCE1 (PYR1)/PYR1-LIKE (PYL)/REGULATORY COMPONENTS
OF ABA RECEPTORS (RCAR), protein phosphatase 2C (PP2C) and sucrose non-fermenting
1-related protein kinase 2 (SnRK2) kinases [88]. In the absence of ABA, PP2Cs interact
with SnRK2s and prevent the activation of SnRK2s. The inactive SnRK2s are unable
to phosphorylate downstream substrates to activate ABA response. In the presence of
ABA, PYR/PYL/RCAR receptors bind ABA and interact with PP2Cs to release SnRK2s,
which are then activated by autophosphorylation of the activation loop and phosphorylate
downstream substrate proteins to activate ABA response. A Raf-like kinase can also
activate SnRK2 by phosphorylating the activation loop [89–91]. Downstream substrates of
SnRK2s include genes encoding transcription factors such as ABI5 (ABA-INSENSITIVE 5),
RAP2.6 (related to AP2.6) and AREBs (ABA-responsive element binding proteins), which
regulate the transcription of genes that contain ABA-responsive elements (ABREs) in their
promoters [88] (Figure 4).
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Genetic analysis indicates that plant Mediator subunit MED25, which functions as a
positive regulator of JA signaling through interaction with MYC2, serves as a negative reg-
ulator of ABA signaling and response through interaction with ABI5 [50]. In the absence of
ABA, there is a low level of ABI5 but a high level of MED25 at the ABI5 target gene promot-
ers to keep ABI5-regulated gene expression at low levels. ABA stimulates recruitment of
ABI5 but reduces recruitment of MED25 to the ABI5 target gene promoter regions, thereby
promoting ABI5-regulated gene expression (Figure 4). Interestingly, MED25 also positively
regulates ABA-induced ABI5 expression at the transcription level but negatively regulates
ABI5 expression at the post-transcription level (Figure 4). It has been suggested that MED25
may regulate ABI5 protein stability through ABI5 phosphorylation by associated CKM of
the Mediator complex [50] (Figure 4). Thus, the roles of MED25 in the regulation of ABI5
itself and ABI5-mediated ABA response are complex.

Figure 4. Roles of Mediator subunits in ABA signaling and response. Binding of ABA by the
PYR/PYL/RCAR receptors promote their interaction with PP2C to release SnRK2s, which can
activate downstream ABI5, AREB and RAP2.6 transcription factors through phosphorylation to
activate ABA-responsive genes. SnRKs can also be activated through phosphorylation by RAF
kinases. MED18 can interact with ABI4 to promote transcription of ABI4 and ABI5. MED25 interacts
with ABI5 to suppress expression of ABI5 target genes. MED16 competes with MED25 for binding
to ABI5 to activate ABI5 target genes. MED25 also positively regulates transcription of ABI5 but
negatively regulates ABI5 protein stability, possibly through CDK8. CDK8 also interacts with RAP2.6
to positively regulate expression of ABA-responsive genes.

Unlike MED25, Arabidopsis MED16 and MED18 function as positive regulators of
ABA response. The Mediator tail module subunit MED16 was found to be associated with
MED25 in both the absence and presence of ABA [92]. Like MED25, MED16 also interacts
with ABI5 and may positively regulate ABI5-mediated gene expression and ABA signaling
by competing with MED25 for interaction with ABI5 [92] (Figure 4). MED18, on the other
hand, directly interacts with ABI4 [31], an ERF/AP2 family transcription activator of its
own gene and ABI5 [93] (Figure 4). ABA-induced expression of ABI4 and ABI5 are reduced
in med18 mutants relative to that in WT, indicating that MED18 positively regulates the
transcription of ABI4 and ABI5 [31]. Like abi4 and abi5 mutants, med18 mutants are less
sensitive to ABA than WT during seed germination and early growth stages. ChIP-qPCR
further revealed that MED18 is recruited to the ABI4 binding site at the ABI5 promoter
with or with ABA treatment [31] (Figure 4). These findings indicate that ABI4 recruits
MED18 through direct interaction with ABI5 and perhaps ABI4 loci, in addition to activating
transcription of the transcription factor genes to promote ABA-responsive gene expression
and ABA response [31].



Int. J. Mol. Sci. 2022, 23, 6170 12 of 21

CDK8 also functions as a positive regulator of ABA signaling and drought response
pathways in Arabidopsis. When compared with the wild type, cdk8 mutants have reduced
sensitivity to ABA and impaired stomatal apertures and are hypersensitive to drought
stress [94]. RNA- and ChIP-seq analyses indicated that CDK8 positively regulates the
expression of ABA-responsive genes [94]. Both CDK8 and SnRK2.6 interact with RAP2.6,
an ERF/AP2 transcription factor that is a substrate of SnRK2.6 in ABA signaling and
response [94]. RAP2.6 directly binds to the promoters of ABA-responsive genes such as
RD29A and COLD-REGULATED 15A (COR15A) with GCC or DRE elements and promotes
their expression [94,95] (Figure 4). In cdk8 mutants, importantly, ABA-induced expression
of both RAP2.6 and RAP2.6-regulated ABA-responsive genes is compromised [94]. These
results indicate that CDK8 links SnRK2.6-activated RAP2.6 to Pol II to promote transcription
of RAP2.6 target genes in plant response to ABA and drought signals.

6. Roles of the Mediator Complex in Plant Responses to Abiotic Stresses

Several Mediator complex subunits have been shown to play critical roles in plant re-
sponse to extreme temperature. Arabidopsis MED16, also known as SENSITIVE TO FREEZ-
ING 6 (SFR6), plays an important role in cold acclimation to survive subsequent freezing
temperatures [96]. The med16/sfr6 mutants are unable to express COLD ON-REGULATED
(COR) genes to high enough levels in response to low, nonfreezing temperatures for cold
acclimation [97,98]. COR genes contain the C-repeat motif (CRT) and are upregulated by
the action of the AP2 family C-repeat binding transcription factors (CBFs). Based on further
analysis of the mutants for the Mediator subunits, it has been shown that not only MED16
but also MED2 and MED14 are required for recruitment of RNA polymerase II recruitment
to cold-regulated CBF target genes [99] (Figure 5A). The three Mediator subunits are also
required for transcription of CBF target genes and cold acclimation-induced freezing tol-
erance [99] (Figure 5A). These three Mediator subunits are also required for activation of
ABRE-mediated transcription in Arabidopsis [100]. Arabidopsis MED14 and MED17, on
the other hand, are involved in the transcriptional regulation of plant responses to high
temperature [101]. Mutants for Arabidopsis MED14 and MED17 are significantly reduced
in terms of thermotolerance and in survival rate in the acquired thermotolerance when
compared with WT. RNA-seq analysis revealed that a large percentage of the heat-stress-
inducible genes are downregulated in the mutants when compared to WT [101]. Heat
stress transcription factors (HSFs) constitute critical components of plant heat stress signal
transduction, mediating the activation of heat-stress-induced genes in response to heat
stress [102,103]. ChIP analysis showed that Mediator is recruited by HsfA1s, the master
regulators of heat stress response, to the promoters of heat stress-inducible genes and that
this recruitment is an important step for their expression, particularly for the expression of
genes encoding transcription factors [101] (Figure 5B).

Several studies have shown that MED16 plays a critical role in the regulation of the up-
take and homeostasis of mineral nutrients, such as iron and phosphate (Pi). Under iron lim-
itation, expression of FERRIC REDUCTASE/OXIDASE 2(FRO2) and IRON-REGULATED
TRANSPORTER 1 (IRT1) is induced in Arabidopsis roots [104–106]. FRO2 reduces ferric
iron to ferrous iron on the root surface, which can then be up taken into the root cells
by the high affinity IRT1 iron transporter. The bHLH transcription factor FIT (FER-LIKE
IRON DEFICIENCY-INDUCED TRANSCRIPTION FACTOR) is a master regulator of the
expression of iron uptake genes through dimerization with the four Ib bHLH transcription
factors (bHLH38, 39, 100 and 101) [107–109]. MED16 interacts with FIT and enhances
the binding of the FIT/bHLH complexes to FRO2 and IRT1 promoters under iron limita-
tion, indicating a critical role of the Mediator subunit in FIT-mediated expression of the
iron-assimilating genes [110] (Figure 5C). Indeed, expression of many of FIT-mediated
iron-deficient response genes, including FRO2 and IRT1, is compromised in the med16
mutants. Furthermore, the med16 mutants contain a reduced iron concentration and exhibit
severe leaf chlorosis under iron limitation. MED16 also interacts with MED25, the mutants
of which are also altered in response to iron deficiency, including reduced expression of
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FIT, IRT1 and FRO2 [111]. MED25 interacts with ETHYLENE-INSENSITIVE 3 (EIN3) and
EIN3-LIKE 1 (EIL1), two transcription factors in ethylene signaling [111] (Figure 5C). It
is known that ethylene promotes iron acquisition, in part through stabilization of FIT by
EIN3 and EIL1, through direct physical interaction [112]. The demonstrated interactions of
EIN3 and EIL1 not only with FIT but also with MED25 indicate that that these transcription
factors also cooperate in the activated transcription of iron-assimilating genes (Figure 5C).

Figure 5. Mediator subunits coordinate with gene-specific transcription factors to promote tran-
scription of genes associated with plant responses to cold (A), heat (B), deficiency of iron (C) and
phosphate (D), ROS (E) and shade (F).

MED16 and iron are also involved in plant response to Pi deficiency [113]. Low Pi avail-
ability induces root architecture remodeling from indeterminate to determinate primary
root growth, which is linked to iron uptake and accumulation through reactive oxygen
species (ROS) to regulate stem cells [114]. The SENSITIVE TO PROTEIN RHIZOTOXIC-
ITY 1(STOP1) transcription factor and its target gene product, ALUMINUM-ACTIVATED
MALATE TRANSPORT1 (ALMT1), are critical components of the pathway [115]. ALMT1
functions in exudation of malate, which binds iron and other cations to increase avail-
able phosphates for root uptake; and to reduce toxic Fe3+ and aluminum ion levels.
MED16 interacts with STOP1 and is required for transcriptional activation of STOP1 tar-
gets, including ALMT1 and associated malate exudation and other responses under low
Pi [113] (Figure 5D).

ROS, such as H2O2, as important regulators of plant growth, development, stress
response and cell death, can regulate expression of a broad spectrum of genes. Very re-
cently, it was shown that in Arabidopsis, MED8 functions as a suppressor of H2O2-induced
gene expression [116]. Mutation of MED8 enhances activation of the SA pathway and
accelerates cell death in a CATALASE 2 (CAT2)-deficient mutant background with constitu-
tive oxidative stress. The med8 seedlings displayed increased tolerance to oxidative stress
generated by the herbicide methyl viologen (MV), which is associated with enhanced tran-
scriptional activation of defense-related genes, particularly those in the SA- and JA-related
pathways. Both immunoprecipitation and yeast two-hybrid screens identified a substantial
number of MED8-interacting proteins, including other Mediator subunits, transcriptional
repressors and proteins involved in miRNA biogenesis [116]. These results indicate that
MED8 regulates ROS-induced gene expression through multiple mechanisms. Among
the MED8-interacting proteins are NEGATIVE ON TATA-LESS (NOT) proteins, which are
components of the CATABOLITE REPRESSION4 (CCR4)-NOT complex, a multisubunit
complex and key regulator of gene expression at all stages—from transcription in the nu-
cleus to mRNA degradation in the cytoplasm—in all eukaryotes [117] (Figure 5E). Further
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functional analysis with Arabidopsis NOT2 supports the supposition that MED8 associates
with NOT2 and perhaps other unknown repressors, in addition to negatively regulating
plant tolerance to oxidative stress by suppressing ROS-induced defense genes [116].

Plant Mediator complex is also involved in plant responses to other abiotic stresses,
including salt. In a relatively recent report, it was shown that Mediator subunit MED25
regulates shade-induced hypocotyl elongation in tomato, which is an important adaptive
response to the depletion of photosynthetically active light [118]. The bHLH transcription
factors PHYTOCHROME-INTERACTING FACTORS (PIFs) play a critical role in the shade-
avoidance response by regulating accumulation of plant hormones, such as auxin, and
expression of genes associated with cell expansion [119]. PIF4 plays a key role in shade-
induced hypocotyl elongation by regulating the expression of auxin biosynthetic and
signaling genes [120]. Tomato MED25 physically interacts with PIF4 at the promoter
regions of PIF4 target genes to recruit Pol II for induction of transcription to regulate
shade-induced hypocotyl elongation [118] (Figure 5F).

7. Regulation of Phenylpropanoid Biosynthesis by Plant Mediator Complex

Plant phenylpropanoids are phenylalanine-derived secondary metabolites with di-
verse roles in growth and development, as well as responses to environmental stimuli [121].
Lignin, a plant secondary cell wall component, is synthesized from phenylpropanoids
(hydroxycinnamyl alcohols or monolignols). Lignin confers not only mechanical strength
and imperviousness to the cell wall but also protective functions against biotic and abi-
otic stress [122]. Soluble phenylpropanoids, such as hydroxycinnamate esters, flavonols
and anthocyanins, play an important role in plant–environment interactions by absorbing
damaging ultraviolet (UV) light, defending against pathogens and herbivores and attract-
ing pollinators. Studies conducted in the past decade have provided extensive evidence
that specific plant Mediator subunits play important roles in the regulation of the plant
phenylpropanoid pathway.

Some soluble phenylpropanoids, such as sinapoyl malate, accumulate in the epi-
dermis of Arabidopsis leaves and can be easily detected due to their UV-adsorbent and
fluorescent nature [123]. Based on altered fluorescence under UV, Arabidopsis reduced
epidermal fluorescence 4 (ref4) mutants with dominant mutations in REF4/MED5b have been
isolated [123,124]. The ref4/med5 dominant mutants display phenotypes of dwarfing and
reduced accumulation of phenylpropanoids [124,125]. The dominant ref4-3 mutant protein
also inhibits the ability of the MYB75 transcription factor to induce PAL1 expression and
anthocyanin accumulation [125]. On the other hand, mutations of both MED5a and its
paralog MED5a enhance expression of phenylpropanoid biosynthetic genes and increase
accumulation of phenylpropanoids [125]. These results indicate that the Mediator MED5
subunits function as repressors of the transcription of phenylpropanoid biosynthetic genes
and play a critical role in phenylpropanoid homeostasis.

The ability of Arabidopsis MED5a and MED26 to repress the transcription of phenyl-
propanoid biosynthetic genes for the regulation of phenylpropanoid homeostasis has also
been demonstrated by the rescue of the Arabidopsis lignin-deficient ref8 mutants by disrup-
tion of both MED5a and MED5b [126]. Lignin polymers are synthesized by polymerization
of a combination of three related but distinct hydroxycinnamyl alcohols, generating 4-
hydroxyphenyl (H), guaiacyl (G) and syringyl (S) lignin subunits [127]. REF8 encodes
p-coumaroyl-shikimate 3′-hydroxylase (C3′H), which catalyzes a step upstream of H lignin
subunit but downstream of G and S lignin subunit synthesis in the lignin biosynthetic
pathway. Despite the presence of all required biosynthetic enzymes for the synthesis of H
lignin subunits, ref8/c3′h mutants accumulate substantially reduced levels of total lignin, in
addition to stunted growth and developmental phenotypes [126]. These findings indicate
that the part of the lignin biosynthetic pathway upstream of the REF8/C3′H-catalyzed
step is actively repressed in the ref8/c3′h mutants. Disruption of both MED5a and MED5b
restores the growth and lignin accumulation of the ref8/c3′h mutants. Unlike WT, with
very low H lignin, med5a/5b/ref8 mutant plants contain almost exclusively H lignin, with
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little G and S lignin [126]. These results indicate that the active repression of the lignin
biosynthetic pathway in response to low REF8/C3′H activity is dependent on Mediator
subunits MED5a and MED5b.

Likewise, MED5a and MED5b are required for the repressed accumulation of soluble
phenylpropanoids, such as hydroxycinnamate esters (HCRs) and anthocyanins, in the
mutant for FERULIC ACID HYDROXYLASE1 (FAH1) [128]. FAH1 encodes FERULATE 5-
HYDROXYLASE (F5H), which catalyzes the hydroxylation of coniferaldehyde and coniferyl
alcohol, which are required for the subsequent formation of sinapoylated compounds and
syringyl lignin [129]. Mutation of FAH1 does not affect plant morphology or total levels of
lignin, which is almost exclusively G lignin. The fah1 mutant is also considerably reduced in
the accumulation of total HCEs and anthocyanins, indicating that the biosynthetic pathways
for these soluble phenylpropanoids are also actively repressed. Disruption of both MED5a
and MED5b results in increased accumulation of HCEs and anthocyanins in the fah1 mutant
to close to WT levels, indicating that repression of both HCE and anthocyanin biosynthesis
in fah1 mutants is dependent on MED5a and MED5b [128].

Both forward and reverse genetic approaches have been used to identify suppressors
of the Arabidopsis semidominant med5b/ref4-3 mutant, which displays reduced soluble
phenylpropanoid accumulation, decreased lignin levels and dwarfism. Analysis of these
suppressors has provided insights into the molecular basis for the repression of phenyl-
propanoid biosynthesis by MED5a and MED5b. First, among the suppressors of the
semidominant med5b/ref4-3 mutant isolated using the forward genetic screens are mutants
for MED2, MED5, MED16 and MED23, which are all tail-module subunits of the Mediator
complex [130]. These suppressors restore the growth and/or phenylpropanoid levels in the
med5b/ref3-4 mutant background. RNA-seq analysis showed that the suppressors reverse
many of the widespread gene expression changes in the med5b/ref3-4 mutant, including the
upregulation of genes encoding negative regulators of the phenylpropanoid pathway [130].
Second, reverse genetic analysis has also identified CDK8, a subunit of CKM, as required
for growth inhibition and suppression of phenylpropanoid biosynthesis in the med5b/ref3-4
mutant [131]. Using a kinase-deficient CDK8 mutant protein, it was further demonstrated
that the inhibited growth of med5b/ref3-4 mutant is not dependent on the kinase activity
of CDK8 [131]. Intriguingly, disruption of MED25, which also encodes a tail-module sub-
unit of the Mediator complex, does not suppress med5b/ref3-4 [130]. The demonstrated
interdependence between the med5b/ref3-4 mutant protein and other Mediator subunits
in the repression of phenylpropanoid biosynthesis provides strong genetic and molecular
evidence for the regulation of the phenylpropanoid pathway by the Mediator complex. The
differential roles of different Mediator subunits, including those belonging to the same tail
module, in the regulation of phenylpropanoid homeostasis also raise important questions
about the molecular basis for the functional specificity of Mediator subunits.

8. Summary and Prospects

Over the past 15 years or so, considerable progress has been made in the investigation
of plant Mediator structure and function. Combined biochemical, molecular and bioinfor-
matics approaches have revealed that the structure of plant Mediator complex is highly
similar to that of yeast and animal Mediator complexes [13] (Table 1). Forward and reverse
genetic analyses of Arabidopsis Mediator complex subunits have revealed important and
broad roles of plant Mediator in growth and development and, particularly, in plant adap-
tive responses to both biotic and abiotic stresses (Table 1). Specific Mediator subunits have
been established to play key roles in signaling of stress-related plant hormones, such as
JA, ABA and SA (Table 1; Figures 2–4). Mediator subunits also play important roles in
transcriptional regulation of defense-related genes associated with PTI and SAR (Table 1
and Figure 3). Some Mediator subunits are key regulators of plant response to abiotic
stresses, including extreme temperature, nutrient deficiency, salt, ROS and shade (Table 1
and Figure 5). Progress has also been made in the identification of gene-specific transcrip-
tion factors that activate or repress transcription of their target genes through cooperation
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with Mediator to influence recruitment of Pol II to target gene promoters (Table 1). There is
evidence that plant Mediator complex plays important roles in plant adaptive responses
through regulation of gene expression beyond transcription or even through regulation of
transcription by RNA polymerases other than Pol II. The increasing body of knowledge
about the critical role of Mediator in plant gene expression has considerably enriched our
understanding of the molecular basis of plant growth, development and stress responses.

Despite these substantial developments, there are still many important questions
about plant Mediator complex and its roles, action mechanisms and regulation. First,
the functional analysis of the Mediator complex in plant adaptive responses has been
substantial but by no mean comprehensive. A substantial number of Mediator complex
subunits remain with no reported functional analysis in plant growth, development and
stress responses (Table 1). It is likely that mutations of genes for some plant Mediator
complex subunits have no detectable phenotype in growth, development or stress tolerance
and, therefore, their functional characterization may require additional approaches, such
as generation of composite mutants, to overcome possible functional redundancy and
use of multi-omics to detect alterations in transcriptomes, proteomes and metabolomes.
The gene expression profiling and multi-omics approach has been successfully used for
the characterization of some Arabidopsis Mediator mutants for altered metabolism and
defense gene expression [14,100,132–137]. Secondly, even for some of the Mediator subunits
that have been functionally analyzed with altered phenotypes, the underlying molecular
mechanisms by which they are recruited to the target gene promoter and influence their
transcription are still unclear (Table 1). Thirdly, the roles of the Mediator subunits that
have been functionally characterized are diverse and often distinct from one another. The
molecular basis for the functional specificity of Mediator subunits has been explored but
requires further investigation to better understand the dynamic nature of the Mediator
complex in the regulation of target genes in plants. Fourthly, it will be important to establish
the roles of the Mediator complex in the steps of gene expression other than transcription
and in transcription by RNA polymerases other than Pol II, which will be highly significant
for a better understanding of not only the function of plant Mediator complex but also
the general transcription system in plants. Finally, a majority of the published research on
plant Mediator complex has been carried out in Arabidopsis; therefore, it is important to
expand research into other plants, including important crop plants, to develop important
knowledge for development of new strategies and targets for plant improvement.

Author Contributions: C.Z. and Z.C. conceived the idea; J.C., S.Y., B.F., C.Z. and Z.C. wrote and eval-
uated the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the China National Major Research and Development
Plan (grant no. 0111900), the Zhejiang Provincial Natural Science Foundation of China (grant no.
LQ20C020002) and the U.S. National Science Foundation (IOS1758767).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Cox, M.M.; Doudna, J.; O’Donnell, M. Molecular Biology: Principle and Practice; Freenman and Company: New York, NY, USA, 2012.
2. Vannini, A.; Cramer, P. Conservation between the RNA Polymerase I, II, and III Transcription Initiation Machineries. Mol. Cell

2012, 45, 439–446. [CrossRef] [PubMed]
3. De Mendoza, A.; Sebé-Pedrós, A. Origin and evolution of eukaryotic transcription factors. Curr. Opin. Genet. Dev. 2019, 58–59,

25–32. [CrossRef] [PubMed]
4. Lee, T.I.; Young, R.A. Transcriptional Regulation and Its Misregulation in Disease. Cell 2013, 152, 1237–1251. [CrossRef] [PubMed]
5. Tang, L.; Nogales, E.; Ciferri, C. Structure and function of SWI/SNF chromatin remodeling complexes and mechanistic implica-

tions for transcription. Prog. Biophys. Mol. Biol. 2010, 102, 122–128. [CrossRef]
6. Fukasawa, R.; Iida, S.; Tsutsui, T.; Hirose, Y.; Ohkuma, Y. Mediator complex cooperatively regulates transcription of retinoic acid

target genes with Polycomb Repressive Complex 2 during neuronal differentiation. J. Biochem. 2015, 158, 373–384. [CrossRef]
7. Soutourina, J. Transcription regulation by the Mediator complex. Nat. Rev. Mol. Cell Biol. 2017, 19, 262–274. [CrossRef]
8. Conaway, R.C.; Conaway, J.W. Origins and activity of the Mediator complex. Semin. Cell Dev. Biol. 2011, 22, 729–734. [CrossRef]

http://doi.org/10.1016/j.molcel.2012.01.023
http://www.ncbi.nlm.nih.gov/pubmed/22365827
http://doi.org/10.1016/j.gde.2019.07.010
http://www.ncbi.nlm.nih.gov/pubmed/31466037
http://doi.org/10.1016/j.cell.2013.02.014
http://www.ncbi.nlm.nih.gov/pubmed/23498934
http://doi.org/10.1016/j.pbiomolbio.2010.05.001
http://doi.org/10.1093/jb/mvv055
http://doi.org/10.1038/nrm.2017.115
http://doi.org/10.1016/j.semcdb.2011.07.021


Int. J. Mol. Sci. 2022, 23, 6170 17 of 21

9. Robinson, P.J.; Trnka, M.J.; Pellarin, R.; Greenberg, C.H.; Bushnell, D.A.; Davis, R.; Burlingame, A.L.; Sali, A.; Kornberg, R.D.
Molecular architecture of the yeast Mediator complex. eLife 2015, 4, e08719. [CrossRef]

10. Poss, Z.C.; Ebmeier, C.C.; Taatjes, D.J. The Mediator complex and transcription regulation. Crit. Rev. Biochem. Mol. Biol. 2013, 48,
575–608. [CrossRef]

11. Osman, S.; Mohammad, E.; Lidschreiber, M.; Stuetzer, A.; Bazsó, F.L.; Maier, K.C.; Urlaub, H.; Cramer, P. The Cdk8 kinase module
regulates interaction of the mediator complex with RNA polymerase II. J. Biol. Chem. 2021, 296, 100734. [CrossRef]

12. Bäckström, S.; Elfving, N.; Nilsson, R.; Wingsle, G.; Björklund, S. Purification of a Plant Mediator from Arabidopsis thaliana
Identifies PFT1 as the Med25 Subunit. Mol. Cell 2007, 26, 717–729. [CrossRef]

13. Dolan, W.L.; Chapple, C. Conservation and Divergence of Mediator Structure and Function: Insights from Plants. Plant Cell
Physiol. 2016, 58, 4–21. [CrossRef]

14. An, C.; Mou, Z. The function of the Mediator complex in plant immunity. Plant Signal. Behav. 2013, 8, e23182. [CrossRef]
15. Buendia-Monreal, M.; Gillmor, C.S. Mediator: A key regulator of plant development. Dev. Biol. 2016, 419, 7–18. [CrossRef]
16. Yang, Y.; Li, L.; Qu, L.-J. Plant Mediator complex and its critical functions in transcription regulation. J. Integr. Plant Biol. 2015, 58,

106–118. [CrossRef]
17. Zhai, Q.; Li, C. The plant Mediator complex and its role in jasmonate signaling. J. Exp. Bot. 2019, 70, 3415–3424. [CrossRef]
18. Huang, Y.; Kendall, T.; Forsythe, E.S.; Dorantes-Acosta, A.; Li, S.; Caballero-Pérez, J.; Chen, X.; Arteaga-Vázquez, M.; Beilstein,

M.A.; Mosher, R.A. Ancient Origin and Recent Innovations of RNA Polymerase IV and V. Mol. Biol. Evol. 2015, 32, 1788–1799.
[CrossRef]

19. Knutson, B.A. Emergence and expansion of TFIIB-like factors in the plant kingdom. Gene 2013, 526, 30–38. [CrossRef]
20. Ning, H.; Yang, S.; Fan, B.; Zhu, C.; Chen, Z. Expansion and Functional Diversification of TFIIB-like Factors in Plants. Int. J. Mol.

Sci. 2021, 22, 1078. [CrossRef]
21. Eychenne, T.; Novikova, E.; Barrault, M.-B.; Alibert, O.; Boschiero, C.; Peixeiro, N.; Cornu, D.; Redeker, V.; Kuras, L.;

Nicolas, P.; et al. Functional interplay between Mediator and TFIIB in preinitiation complex assembly in relation to promoter
architecture. Genes Dev. 2016, 30, 2119–2132. [CrossRef]

22. Gonzalez, D.; Bowen, A.J.; Carroll, T.S.; Conlan, R.S. The Transcription Corepressor LEUNIG Interacts with the Histone
Deacetylase HDA19 and Mediator Components MED14 (SWP) and CDK8 (HEN3) To Repress Transcription. Mol. Cell. Biol. 2007,
27, 5306–5315. [CrossRef] [PubMed]

23. Wang, W.; Chen, X. HUA ENHANCER3 reveals a role for a cyclin-dependent protein kinase in the specification of floral organ
identity in Arabidopsis. Development 2004, 131, 3147–3156. [CrossRef] [PubMed]

24. Bourbon, H.-M. Comparative genomics supports a deep evolutionary origin for the large, four-module transcriptional mediator
complex. Nucleic Acids Res. 2008, 36, 3993–4008. [CrossRef] [PubMed]

25. Guo, J.; Wei, L.; Chen, S.; Cai, X.; Su, Y.; Li, L.; Chen, S.; He, X. The CBP/p300 histone acetyltransferases function as plant-specific
MEDIATOR subunits in Arabidopsis. J. Integr. Plant Biol. 2020, 63, 755–771. [CrossRef]

26. An, C.; Li, L.; Zhai, Q.; You, Y.; Deng, L.; Wu, F.; Chen, R.; Jiang, H.; Wang, H.; Chen, Q.; et al. Mediator subunit MED25 links the
jasmonate receptor to transcriptionally active chromatin. Proc. Natl. Acad. Sci. USA 2017, 114, E8930–E8939. [CrossRef]

27. Acevedo, M.L.; Kraus, W.L. Mediator and p300/CBP-Steroid Receptor Coactivator Complexes Have Distinct Roles, but Function
Synergistically, during Estrogen Receptor α-Dependent Transcription with Chromatin Templates. Mol. Cell. Biol. 2003, 23, 335–348.
[CrossRef]

28. Wallberg, A.E.; Yamamura, S.; Malik, S.; Spiegelman, B.M.; Roeder, R.G. Coordination of p300-Mediated Chromatin Remodeling
and TRAP/Mediator Function through Coactivator PGC-1α. Mol. Cell 2003, 12, 1137–1149. [CrossRef]

29. Carlsten, J.O.; Zhu, X.; López, M.D.; Samuelsson, T.; Gustafsson, C.M. Loss of the Mediator subunit Med20 affects transcription of
tRNA and other non-coding RNA genes in fission yeast. Biochim. Biophys. Acta 2016, 1859, 339–347. [CrossRef]

30. Uthe, H.; Vanselow, J.T.; Schlosser, A. Proteomic Analysis of the Mediator Complex Interactome in Saccharomyces cerevisiae. Sci.
Rep. 2017, 7, 43584. [CrossRef]

31. Lai, Z.; Schluttenhofer, C.M.; Bhide, K.; Shreve, J.; Thimmapuram, J.; Lee, S.Y.; Yun, D.-J.; Mengiste, T. MED18 interaction with
distinct transcription factors regulates multiple plant functions. Nat. Commun. 2014, 5, 3064. [CrossRef]

32. Liao, C.-J.; Lai, Z.; Lee, S.; Yun, D.J.; Mengiste, T. Arabidopsis HOOKLESS1 regulates responses to pathogens and abscisic acid
through interaction with MED18 and acetylation of WRKY33 and ABI5 chromatin. Plant Cell 2016, 28, 1662–1681. [CrossRef]

33. Zhang, Y.; Shi, C.; Fu, W.; Gu, X.; Qi, Z.; Xu, W.; Xia, G. Arabidopsis MED18 Interaction with RNA Pol IV and V Subunit NRPD2a
in Transcriptional Regulation of Plant Immune Responses. Front. Plant Sci. 2021, 12, 692036. [CrossRef]

34. Howe, G.A.; Major, I.T.; Koo, A.J. Modularity in Jasmonate Signaling for Multistress Resilience. Annu. Rev. Plant Biol. 2018, 69,
387–415. [CrossRef]

35. Wasternack, C.; Hause, B. Jasmonates: Biosynthesis, perception, signal transduction and action in plant stress response, growth
and development. An update to the 2007 review in Annals of Botany. Ann. Bot. 2013, 111, 1021–1058. [CrossRef]

36. Breeze, E. Master MYCs: MYC2, the Jasmonate Signaling “Master Switch”. Plant Cell 2019, 31, 9–10. [CrossRef]
37. Du, M.; Zhao, J.; Tzeng, D.T.; Liu, Y.; Deng, L.; Yang, T.; Zhai, Q.; Wu, F.; Huang, Z.; Zhou, M.; et al. MYC2 Orchestrates

a Hierarchical Transcriptional Cascade That Regulates Jasmonate-Mediated Plant Immunity in Tomato. Plant Cell 2017, 29,
1883–1906. [CrossRef]

http://doi.org/10.7554/eLife.08719
http://doi.org/10.3109/10409238.2013.840259
http://doi.org/10.1016/j.jbc.2021.100734
http://doi.org/10.1016/j.molcel.2007.05.007
http://doi.org/10.1093/pcp/pcw176
http://doi.org/10.4161/psb.23182
http://doi.org/10.1016/j.ydbio.2016.06.009
http://doi.org/10.1111/jipb.12377
http://doi.org/10.1093/jxb/erz233
http://doi.org/10.1093/molbev/msv060
http://doi.org/10.1016/j.gene.2013.04.022
http://doi.org/10.3390/ijms22031078
http://doi.org/10.1101/gad.285775.116
http://doi.org/10.1128/MCB.01912-06
http://www.ncbi.nlm.nih.gov/pubmed/17526732
http://doi.org/10.1242/dev.01187
http://www.ncbi.nlm.nih.gov/pubmed/15175247
http://doi.org/10.1093/nar/gkn349
http://www.ncbi.nlm.nih.gov/pubmed/18515835
http://doi.org/10.1111/jipb.13052
http://doi.org/10.1073/pnas.1710885114
http://doi.org/10.1128/MCB.23.1.335-348.2003
http://doi.org/10.1016/S1097-2765(03)00391-5
http://doi.org/10.1016/j.bbagrm.2015.11.007
http://doi.org/10.1038/srep43584
http://doi.org/10.1038/ncomms4064
http://doi.org/10.1105/tpc.16.00105
http://doi.org/10.3389/fpls.2021.692036
http://doi.org/10.1146/annurev-arplant-042817-040047
http://doi.org/10.1093/aob/mct067
http://doi.org/10.1105/tpc.19.00004
http://doi.org/10.1105/tpc.16.00953


Int. J. Mol. Sci. 2022, 23, 6170 18 of 21

38. Chico, J.M.; Chini, A.; Fonseca, S.; Solano, R. JAZ repressors set the rhythm in jasmonate signaling. Curr. Opin. Plant Biol. 2008,
11, 486–494. [CrossRef]

39. Chini, A.; Fonseca, S.; Fernández, G.; Adie, B.; Chico, J.M.; Lorenzo, O.; García-Casado, G.; López-Vidriero, I.; Lozano, F.M.;
Ponce, M.R.; et al. The JAZ family of repressors is the missing link in jasmonate signalling. Nature 2007, 448, 666–671. [CrossRef]

40. Pauwels, L.; Barbero, G.F.; Geerinck, J.; Tilleman, S.; Grunewald, W.; Pérez, A.C.; Chico, J.M.; Bossche, R.V.; Sewell, J.; Gil, E.; et al.
NINJA connects the co-repressor TOPLESS to jasmonate signalling. Nature 2010, 464, 788–791. [CrossRef]

41. Katsir, L.; Schilmiller, A.L.; Staswick, P.E.; He, S.Y.; Howe, G.A. COI1 is a critical component of a receptor for jasmonate and the
bacterial virulence factor coronatine. Proc. Natl. Acad. Sci. USA 2008, 105, 7100–7105. [CrossRef]

42. Sheard, L.B.; Tan, X.; Mao, H.; Withers, J.; Ben-Nissan, G.; Hinds, T.R.; Kobayashi, Y.; Hsu, F.-F.; Sharon, M.; Browse, J.; et al.
Jasmonate perception by inositol-phosphate-potentiated COI1–JAZ co-receptor. Nature 2010, 468, 400–405. [CrossRef] [PubMed]

43. Thines, B.; Katsir, L.; Melotto, M.; Niu, Y.; Mandaokar, A.; Liu, G.; Nomura, K.; He, S.Y.; Howe, G.A.; Browse, J. JAZ repressor
proteins are targets of the SCF(COI1) complex during jasmonate signalling. Nature 2007, 448, 661–665. [CrossRef] [PubMed]

44. Leydon, A.R.; Wang, W.; Gala, H.P.; Gilmour, S.; Juarez-Solis, S.; Zahler, M.L.; Zemke, J.E.; Zheng, N.; Nemhauser, J.L. Repression
by the Arabidopsis TOPLESS corepressor requires association with the core mediator complex. eLife 2021, 10, e66739. [CrossRef]
[PubMed]

45. Causier, B.; Ashworth, M.; Guo, W.; Davies, B. The TOPLESS Interactome: A Framework for Gene Repression in Arabidopsis.
Plant Physiol. 2011, 158, 423–438. [CrossRef]

46. Causier, B.; Lloyd, J.; Stevens, L.; Davies, B. TOPLESS co-repressor interactions and their evolutionary conservation in plants.
Plant Signal. Behav. 2012, 7, 325–328. [CrossRef]

47. Martin-Arevalillo, R.; Nanao, M.H.; Larrieu, A.; Vinos-Poyo, T.; Mast, D.; Galvan-Ampudia, C.; Brunoud, G.; Vernoux, T.;
Dumas, R.; Parcy, F. Structure of the Arabidopsis TOPLESS corepressor provides insight into the evolution of transcriptional
repression. Proc. Natl. Acad. Sci. USA 2017, 114, 8107–8112. [CrossRef]

48. Ito, J.; Fukaki, H.; Onoda, M.; Li, L.; Li, C.; Tasaka, M.; Furutani, M. Auxin-dependent compositional change in Mediator in ARF7-
and ARF19-mediated transcription. Proc. Natl. Acad. Sci. USA 2016, 113, 6562–6567. [CrossRef]

49. Zhai, Q.; Deng, L.; Li, C. Mediator subunit MED25: At the nexus of jasmonate signaling. Curr. Opin. Plant Biol. 2020, 57, 78–86.
[CrossRef]

50. Chen, R.; Jiang, H.; Li, L.; Zhai, Q.; Qi, L.; Zhou, W.; Liu, X.; Li, H.; Zheng, W.; Sun, J.; et al. The Arabidopsis Mediator
Subunit MED25 Differentially Regulates Jasmonate and Abscisic Acid Signaling through Interacting with the MYC2 and ABI5
Transcription Factors. Plant Cell 2012, 24, 2898–2916. [CrossRef]

51. Çevik, V.; Kidd, B.N.; Zhang, P.; Hill, C.; Kiddle, S.; Denby, K.; Holub, E.B.; Cahill, D.; Manners, J.M.; Schenk, P.; et al.
MEDIATOR25 Acts as an Integrative Hub for the Regulation of Jasmonate-Responsive Gene Expression in Arabidopsis. Plant
Physiol. 2012, 160, 541–555. [CrossRef]

52. Ou, B.; Yin, K.-Q.; Liu, S.-N.; Yang, Y.; Gu, T.; Hui, J.M.W.; Zhang, L.; Miao, J.; Kondou, Y.; Matsui, M.; et al. A High-Throughput
Screening System for Arabidopsis Transcription Factors and Its Application to Med25-Dependent Transcriptional Regulation.
Mol. Plant 2011, 4, 546–555. [CrossRef]

53. You, Y.; Zhai, Q.; An, C.; Li, C. LEUNIG_HOMOLOG Mediates MYC2-Dependent Transcriptional Activation in Cooperation with
the Coactivators HAC1 and MED25. Plant Cell 2019, 31, 2187–2205. [CrossRef]

54. Chung, H.S.; Cooke, T.F.; DePew, C.L.; Patel, L.C.; Ogawa, N.; Kobayashi, Y.; Howe, G.A. Alternative splicing expands the
repertoire of dominant JAZ repressors of jasmonate signaling. Plant J. 2010, 63, 613–622. [CrossRef]

55. Mach, J. Alternative Splicing Produces a JAZ Protein That Is Not Broken Down in Response to Jasmonic Acid. Plant Cell
2009, 21, 14. [CrossRef]

56. Wu, F.; Deng, L.; Zhai, Q.; Zhao, J.; Chen, Q.; Li, C. Mediator Subunit MED25 Couples Alternative Splicing of JAZ Genes with
Fine-Tuning of Jasmonate Signaling. Plant Cell 2019, 32, 429–448. [CrossRef]

57. Liu, Y.; Du, M.; Deng, L.; Shen, J.; Fang, M.; Chen, Q.; Lu, Y.; Wang, Q.; Li, C.; Zhai, Q. MYC2 Regulates the Termination of
Jasmonate Signaling via an Autoregulatory Negative Feedback Loop. Plant Cell 2019, 31, 106–127. [CrossRef]

58. Jones, J.D.G.; Dangl, J.L. The plant immune system. Nature 2006, 444, 323–329. [CrossRef]
59. Durrant, W.E.; Dong, X. Systemic acquired resistance. Annu. Rev. Phytopathol. 2004, 42, 185–209. [CrossRef]
60. Zipfel, C.; Kunze, G.; Chinchilla, D.; Caniard, A.; Jones, J.D.G.; Boller, T.; Felix, G. Perception of the Bacterial PAMP EF-Tu by the

Receptor EFR Restricts Agrobacterium-Mediated Transformation. Cell 2006, 125, 749–760. [CrossRef]
61. Seo, J.S.; Sun, H.-X.; Park, B.S.; Huang, C.-H.; Yeh, S.-D.; Jung, C.; Chua, N.-H. ELF18-INDUCED LONG-NONCODING RNA

Associates with Mediator to Enhance Expression of Innate Immune Response Genes in Arabidopsis. Plant Cell 2017, 29, 1024–1038.
[CrossRef]

62. Seo, J.S.; Diloknawarit, P.; Park, B.S.; Chua, N.-H. ELF18-INDUCED LONG NONCODING RNA 1 evicts fibrillarin from mediator
subunit to enhance PATHOGENESIS-RELATED GENE 1 (PR1) expression. New Phytol. 2019, 221, 2067–2079. [CrossRef]

63. Caillaud, M.-C.; Asai, S.; Rallapalli, G.; Piquerez, S.; Fabro, G.; Jones, J.D.G. A Downy Mildew Effector Attenuates Salicylic Acid-
Triggered Immunity in Arabidopsis by Interacting with the Host Mediator Complex. PLoS Biol. 2013, 11, e1001732. [CrossRef]
[PubMed]

64. Huang, J.; Sun, Y.; Orduna, A.R.; Jetter, R.; Li, X. The Mediator kinase module serves as a positive regulator of salicylic acid
accumulation and systemic acquired resistance. Plant J. 2019, 98, 842–852. [CrossRef] [PubMed]

http://doi.org/10.1016/j.pbi.2008.06.003
http://doi.org/10.1038/nature06006
http://doi.org/10.1038/nature08854
http://doi.org/10.1073/pnas.0802332105
http://doi.org/10.1038/nature09430
http://www.ncbi.nlm.nih.gov/pubmed/20927106
http://doi.org/10.1038/nature05960
http://www.ncbi.nlm.nih.gov/pubmed/17637677
http://doi.org/10.7554/eLife.66739
http://www.ncbi.nlm.nih.gov/pubmed/34075876
http://doi.org/10.1104/pp.111.186999
http://doi.org/10.4161/psb.19283
http://doi.org/10.1073/pnas.1703054114
http://doi.org/10.1073/pnas.1600739113
http://doi.org/10.1016/j.pbi.2020.06.006
http://doi.org/10.1105/tpc.112.098277
http://doi.org/10.1104/pp.112.202697
http://doi.org/10.1093/mp/ssr002
http://doi.org/10.1105/tpc.19.00115
http://doi.org/10.1111/j.1365-313X.2010.04265.x
http://doi.org/10.1105/tpc.108.210111
http://doi.org/10.1105/tpc.19.00583
http://doi.org/10.1105/tpc.18.00405
http://doi.org/10.1038/nature05286
http://doi.org/10.1146/annurev.phyto.42.040803.140421
http://doi.org/10.1016/j.cell.2006.03.037
http://doi.org/10.1105/tpc.16.00886
http://doi.org/10.1111/nph.15530
http://doi.org/10.1371/journal.pbio.1001732
http://www.ncbi.nlm.nih.gov/pubmed/24339748
http://doi.org/10.1111/tpj.14278
http://www.ncbi.nlm.nih.gov/pubmed/30739357


Int. J. Mol. Sci. 2022, 23, 6170 19 of 21

65. Dong, X. NPR1, all things considered. Curr. Opin. Plant Biol. 2004, 7, 547–552. [CrossRef] [PubMed]
66. Ding, Y.; Sun, T.; Ao, K.; Peng, Y.; Zhang, Y.; Li, X.; Zhang, Y. Opposite Roles of Salicylic Acid Receptors NPR1 and NPR3/NPR4

in Transcriptional Regulation of Plant Immunity. Cell 2018, 173, 1454–1467.e15. [CrossRef]
67. Manohar, M.; Tian, M.; Moreau, M.; Park, S.-W.; Choi, H.W.; Fei, Z.; Friso, G.; Asif, M.; Manosalva, P.; von Dahl, C.C.; et al.

Identification of multiple salicylic acid-binding proteins using two high throughput screens. Front. Plant Sci. 2015, 5, 777.
[CrossRef]

68. Wu, Y.; Zhang, D.; Chu, J.Y.; Boyle, P.; Wang, Y.; Brindle, I.D.; De Luca, V.; Després, C. The Arabidopsis NPR1 protein is a receptor
for the plant defense hormone salicylic acid. Cell Rep. 2012, 1, 639–647. [CrossRef]

69. Després, C.; Chubak, C.; Rochon, A.; Clark, R.; Bethune, T.; Desveaux, D.; Fobert, P.R. The Arabidopsis NPR1 Disease Resistance
Protein Is a Novel Cofactor That Confers Redox Regulation of DNA Binding Activity to the Basic Domain/Leucine Zipper
Transcription Factor TGA1. Plant Cell 2003, 15, 2181–2191. [CrossRef]

70. Despres, C.; DeLong, C.; Glaze, S.; Liu, E.; Fobert, P.R. The Arabidopsis NPR1/NIM1 protein enhances the DNA binding activity
of a subgroup of the TGA family of bZIP transcription factors. Plant Cell 2000, 12, 279–290. [CrossRef]

71. Yu, D.; Chen, C.; Chen, Z. Evidence for an important role of WRKY DNA binding proteins in the regulation of NPR1 gene
expression. Plant Cell 2001, 13, 1527–1540. [CrossRef]

72. Chen, J.; Mohan, R.; Zhang, Y.; Li, M.; Chen, H.; Palmer, I.A.; Chang, M.; Qi, G.; Spoel, S.H.; Mengiste, T.; et al. NPR1 Promotes Its
Own and Target Gene Expression in Plant Defense by Recruiting CDK8. Plant Physiol. 2019, 181, 289–304. [CrossRef]

73. Van Kan, J.A.L. Licensed to kill: The lifestyle of a necrotrophic plant pathogen. Trends Plant Sci. 2006, 11, 247–253. [CrossRef]
74. Govrin, E.M.; Levine, A. The hypersensitive response facilitates plant infection by the necrotrophic pathogen Botrytis cinerea.

Curr. Biol. 2000, 10, 751–757. [CrossRef]
75. Ferrari, S.; Plotnikova, J.M.; De Lorenzo, G.; Ausubel, F.M. Arabidopsis local resistance to Botrytis cinerea involves salicylic acid

and camalexin and requires EDS4 and PAD2, but not SID2, EDS5 or PAD4. Plant J. Cell Mol. Biol. 2003, 35, 193–205. [CrossRef]
76. Penninckx, I.A.; Thomma, B.P.; Buchala, A.; Metraux, J.P.; Broekaert, W.F. Concomitant activation of jasmonate and ethylene

response pathways is required for induction of a plant defensin gene in Arabidopsis. Plant Cell 1998, 10, 2103–2113. [CrossRef]
77. Thomma, B.P.H.J.; Eggermont, K.; Penninckx, I.A.M.A.; Mauch-Mani, B.; Vogelsang, R.; Cammue, B.P.A.; Broekaert, W.F. Separate

jasmonate-dependent and salicylate-dependent defense-response pathways in Arabidopsis are essential for resistance to distinct
microbial pathogens. Proc. Natl. Acad. Sci. USA 1998, 95, 15107–15111. [CrossRef]

78. Thomma, B.P.; Eggermont, K.; Tierens, K.F.M.-J.; Broekaert, W.F. Requirement of Functional Ethylene-Insensitive 2Gene for
Efficient Resistance of Arabidopsis to Infection by Botrytis cinerea. Plant Physiol. 1999, 121, 1093–1101. [CrossRef]

79. Thomma, B.P.H.J.; Nelissen, I.; Eggermont, K.; Broekaert, W.F. Deficiency in phytoalexin production causes enhanced susceptibility
of Arabidopsis thaliana to the fungus Alternaria brassicicola. Plant J. 1999, 19, 163–171. [CrossRef]

80. Kidd, B.N.; Edgar, C.I.; Kumar, K.K.; Aitken, E.A.; Schenk, P.M.; Manners, J.M.; Kazan, K. The Mediator Complex Subunit PFT1 Is
a Key Regulator of Jasmonate-Dependent Defense in Arabidopsis. Plant Cell 2009, 21, 2237–2252. [CrossRef]

81. Wang, C.; Yao, J.; Du, X.; Zhang, Y.; Sun, Y.; Rollins, J.A.; Mou, Z. The Arabidopsis Mediator Complex Subunit16 Is a Key
Component of Basal Resistance against the Necrotrophic Fungal Pathogen Sclerotinia sclerotiorum. Plant Physiol. 2015, 169, 856–872.
[CrossRef]

82. Li, X.; Yang, R.; Chen, H. The Arabidopsis thaliana Mediator subunit MED8 regulates plant immunity to Botrytis Cinerea through
interacting with the basic helix-loop-helix (bHLH) transcription factor FAMA. PLoS ONE 2018, 13, e0193458. [CrossRef]

83. Feng, Q.; Li, L.; Liu, Y.; Shao, X.; Li, X. Jasmonate regulates the FAMA/mediator complex subunit 8-THIOGLUCOSIDE
GLUCOHYDROLASE 1 cascade and myrosinase activity. Plant Physiol. 2021, 187, 963–980. [CrossRef]

84. Mao, G.; Meng, X.; Liu, Y.; Zheng, Z.; Chen, Z.; Zhang, S. Phosphorylation of a WRKY Transcription Factor by Two Pathogen-
Responsive MAPKs Drives Phytoalexin Biosynthesis in Arabidopsis. Plant Cell 2011, 23, 1639–1653. [CrossRef]

85. Zheng, Z.; Abu Qamar, S.; Chen, Z.; Mengiste, T. Arabidopsis WRKY33 transcription factor is required for resistance to
necrotrophic fungal pathogens. Plant J. 2006, 48, 592–605. [CrossRef] [PubMed]

86. Dhawan, R.; Luo, H.; Foerster, A.M.; AbuQamar, S.; Du, H.-N.; Briggs, S.D.; Scheid, O.M.; Mengiste, T. HISTONE MONOUBIQUI-
TINATION1 Interacts with a Subunit of the Mediator Complex and Regulates Defense against Necrotrophic Fungal Pathogens in
Arabidopsis. Plant Cell 2009, 21, 1000–1019. [CrossRef]

87. Zhu, Y.; Schluttenhoffer, C.M.; Wang, P.; Fu, F.; Thimmapuram, J.; Zhu, J.-K.; Lee, S.Y.; Yun, D.-J.; Mengiste, T. CYCLIN-
DEPENDENT KINASE8 Differentially Regulates Plant Immunity to Fungal Pathogens through Kinase-Dependent and -
Independent Functions in Arabidopsis. Plant Cell 2014, 26, 4149–4170. [CrossRef]

88. Chen, K.; Li, G.; Bressan, R.A.; Song, C.; Zhu, J.; Zhao, Y. Abscisic acid dynamics, signaling, and functions in plants. J. Integr. Plant
Biol. 2019, 62, 25–54. [CrossRef]

89. Fàbregas, N.; Yoshida, T.; Fernie, A.R. Role of Raf-like kinases in SnRK2 activation and osmotic stress response in plants. Nat.
Commun. 2020, 11, 6184. [CrossRef]

90. Katsuta, S.; Masuda, G.; Bak, H.; Shinozawa, A.; Kamiyama, Y.; Umezawa, T.; Takezawa, D.; Yotsui, I.; Taji, T.; Sakata, Y.
Arabidopsis Raf-like kinases act as positive regulators of subclass III SnRK2 in osmostress signaling. Plant J. 2020, 103, 634–644.
[CrossRef]

91. Soma, F.; Takahashi, F.; Suzuki, T.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Plant Raf-like kinases regulate the mRNA population
upstream of ABA-unresponsive SnRK2 kinases under drought stress. Nat. Commun. 2020, 11, 1373. [CrossRef] [PubMed]

http://doi.org/10.1016/j.pbi.2004.07.005
http://www.ncbi.nlm.nih.gov/pubmed/15337097
http://doi.org/10.1016/j.cell.2018.03.044
http://doi.org/10.3389/fpls.2014.00777
http://doi.org/10.1016/j.celrep.2012.05.008
http://doi.org/10.1105/tpc.012849
http://doi.org/10.1105/tpc.12.2.279
http://doi.org/10.1105/TPC.010115
http://doi.org/10.1104/pp.19.00124
http://doi.org/10.1016/j.tplants.2006.03.005
http://doi.org/10.1016/S0960-9822(00)00560-1
http://doi.org/10.1046/j.1365-313X.2003.01794.x
http://doi.org/10.1105/tpc.10.12.2103
http://doi.org/10.1073/pnas.95.25.15107
http://doi.org/10.1104/pp.121.4.1093
http://doi.org/10.1046/j.1365-313X.1999.00513.x
http://doi.org/10.1105/tpc.109.066910
http://doi.org/10.1104/pp.15.00351
http://doi.org/10.1371/journal.pone.0193458
http://doi.org/10.1093/plphys/kiab283
http://doi.org/10.1105/tpc.111.084996
http://doi.org/10.1111/j.1365-313X.2006.02901.x
http://www.ncbi.nlm.nih.gov/pubmed/17059405
http://doi.org/10.1105/tpc.108.062364
http://doi.org/10.1105/tpc.114.128611
http://doi.org/10.1111/jipb.12899
http://doi.org/10.1038/s41467-020-19977-2
http://doi.org/10.1111/tpj.14756
http://doi.org/10.1038/s41467-020-15239-3
http://www.ncbi.nlm.nih.gov/pubmed/32170072


Int. J. Mol. Sci. 2022, 23, 6170 20 of 21

92. Guo, P.; Chong, L.; Wu, F.; Hsu, C.; Li, C.; Zhu, J.; Zhu, Y. Mediator tail module subunits MED16 and MED25 differentially
regulate abscisic acid signaling in Arabidopsis. J. Integr. Plant Biol. 2020, 63, 802–815. [CrossRef] [PubMed]

93. Bossi, F.; Cordoba, E.; Dupré, P.; Mendoza, M.S.; Román, C.S.; León, P. The Arabidopsis ABA-INSENSITIVE (ABI) 4 factor acts as
a central transcription activator of the expression of its own gene, and for the induction of ABI5 and SBE2.2 genes during sugar
signaling. Plant J. 2009, 59, 359–374. [CrossRef] [PubMed]

94. Zhu, Y.; Huang, P.; Guo, P.; Chong, L.; Yu, G.; Sun, X.; Hu, T.; Li, Y.; Hsu, C.; Tang, K.; et al. CDK8 is associated with RAP2.6 and
SnRK2.6 and positively modulates abscisic acid signaling and drought response in Arabidopsis. New Phytol. 2020, 228, 1573–1590.
[CrossRef]

95. Zhu, Q.; Zhang, J.; Gao, X.; Tong, J.; Xiao, L.; Li, W.; Zhang, H. The Arabidopsis AP2/ERF transcription factor RAP2.6 participates
in ABA, salt and osmotic stress responses. Gene 2010, 457, 1–12. [CrossRef]

96. Warren, G.; McKown, R.; Marin, A.; Teutonico, R. Isolation of Mutations Affecting the Development of Freezing Tolerance in
Arabidopsis thaliana (L.) Heynh. Plant Physiol. 1996, 111, 1011–1019. [CrossRef]

97. Knight, H.; Mugford, S.G.; Ülker, B.; Gao, D.; Thorlby, G.; Knight, M.R. Identification of SFR6, a key component in cold acclimation
acting post-translationally on CBF function. Plant J. 2009, 58, 97–108. [CrossRef]

98. Knight, H.; Veale, E.L.; Warren, G.J.; Knight, M.R. The sfr6 Mutation in Arabidopsis Suppresses Low-Temperature Induction of
Genes Dependent on the CRT/DRE Sequence Motif. Plant Cell 1999, 11, 875–886. [CrossRef]

99. Hemsley, P.A.; Hurst, C.H.; Kaliyadasa, E.; Lamb, R.; Knight, M.R.; De Cothi, E.A.; Steele, J.F.; Knight, H. The Arabidopsis Mediator
Complex Subunits MED16, MED14, and MED2 Regulate Mediator and RNA Polymerase II Recruitment to CBF-Responsive
Cold-Regulated Genes. Plant Cell 2014, 26, 465–484. [CrossRef]

100. Lee, M.; Dominguez-Ferreras, A.; Kaliyadasa, E.; Huang, W.-J.; Antony, E.; Stevenson, T.; Lehmann, S.; Schäfer, P.; Knight,
M.R.; Ntoukakis, V.; et al. Mediator Subunits MED16, MED14, and MED2 Are Required for Activation of ABRE-Dependent
Transcription in Arabidopsis. Front. Plant Sci. 2021, 12, 649720. [CrossRef]

101. Ohama, N.; Moo, T.L.; Chua, N. Differential requirement of MED14/17 recruitment for activation of heat inducible genes. New
Phytol. 2020, 229, 3360–3376. [CrossRef]

102. Guo, M.; Liu, J.-H.; Ma, X.; Luo, D.-X.; Gong, Z.-H.; Lu, M.-H. The Plant Heat Stress Transcription Factors (HSFs): Structure,
Regulation, and Function in Response to Abiotic Stresses. Front. Plant Sci. 2016, 7, 114. [CrossRef] [PubMed]

103. Von Koskull-Döring, P.; Scharf, K.-D.; Nover, L. The diversity of plant heat stress transcription factors. Trends Plant Sci. 2007, 12,
452–457. [CrossRef]

104. Connolly, E.L.; Fett, J.; Guerinot, M.L. Expression of the IRT1 Metal Transporter Is Controlled by Metals at the Levels of Transcript
and Protein Accumulation. Plant Cell 2002, 14, 1347–1357. [CrossRef]

105. Eide, D.; Broderius, M.; Fett, J.; Guerinot, M.L. A novel iron-regulated metal transporter from plants identified by functional
expression in yeast. Proc. Natl. Acad. Sci. USA 1996, 93, 5624–5628. [CrossRef]

106. Robinson, N.J.; Procter, C.M.; Connolly, E.L.; Guerinot, M.L. A ferric-chelate reductase for iron uptake from soils. Nature 1999,
397, 694–697. [CrossRef]

107. Wang, N.; Cui, Y.; Liu, Y.; Fan, H.; Du, J.; Huang, Z.; Yuan, Y.; Wu, H.; Ling, H.-Q. Requirement and Functional Redundancy
of Ib Subgroup bHLH Proteins for Iron Deficiency Responses and Uptake in Arabidopsis thaliana. Mol. Plant 2013, 6, 503–513.
[CrossRef]

108. Yuan, Y.; Wu, H.; Wang, N.; Li, J.; Zhao, W.; Du, J.; Wang, D.; Ling, H.-Q. FIT interacts with AtbHLH38 and AtbHLH39 in
regulating iron uptake gene expression for iron homeostasis in Arabidopsis. Cell Res. 2008, 18, 385–397. [CrossRef]

109. Yuan, Y.X.; Zhang, J.; Wang, D.W.; Ling, H.Q. AtbHLH29 of Arabidopsis thaliana is a functional ortholog of tomato FER involved
in controlling iron acquisition in strategy I plants. Cell Res. 2005, 15, 613–621. [CrossRef]

110. Zhang, Y.; Wu, H.; Wang, N.; Fan, H.; Chen, C.; Cui, Y.; Liu, H.; Ling, H. Mediator subunit 16 functions in the regulation of iron
uptake gene expression in Arabidopsis. New Phytol. 2014, 203, 770–783. [CrossRef]

111. Yang, Y.; Ou, B.; Zhang, J.; Si, W.; Gu, H.; Qin, G.; Qu, L.-J. The Arabidopsis Mediator subunit MED16 regulates iron homeostasis
by associating with EIN3/EIL1 through subunit MED25. Plant J. 2014, 77, 838–851. [CrossRef]

112. Lingam, S.; Mohrbacher, J.; Brumbarova, T.; Potuschak, T.; Fink-Straube, C.; Blondet, E.; Genschik, P.; Bauer, P. Interaction between
the bHLH Transcription Factor FIT and ETHYLENE INSENSITIVE3/ETHYLENE INSENSITIVE3-LIKE1 Reveals Molecular
Linkage between the Regulation of Iron Acquisition and Ethylene Signaling in Arabidopsis. Plant Cell 2011, 23, 1815–1829.
[CrossRef] [PubMed]

113. Raya-González, J.; Ojeda-Rivera, J.O.; Mora-Macias, J.; Oropeza-Aburto, A.; Ruiz-Herrera, L.F.; López-Bucio, J.; Herrera-Estrella, L.
MEDIATOR16 orchestrates local and systemic responses to phosphate scarcity in Arabidopsis roots. New Phytol. 2020, 229,
1278–1288. [CrossRef]

114. Ward, J.T.; Lahner, B.; Yakubova, E.; Salt, D.E.; Raghothama, K.G. The Effect of Iron on the Primary Root Elongation of Arabidopsis
during Phosphate Deficiency. Plant Physiol. 2008, 147, 1181–1191. [CrossRef] [PubMed]

115. Balzergue, C.; Dartevelle, T.; Godon, C.; Laugier, E.; Meisrimler, C.; Teulon, J.-M.; Creff, A.; Bissler, M.; Brouchoud, C.; Hagège, A.
Low phosphate activates STOP1-ALMT1 to rapidly inhibit root cell elongation. Nat. Commun. 2017, 8, 15300. [CrossRef]

116. He, H.; Denecker, J.; Van Der Kelen, K.; Willems, P.; Pottie, R.; Phua, S.Y.; Hannah, M.A.; Vertommen, D.; Van Breusegem, F.;
Mhamdi, A. The Arabidopsis mediator complex subunit 8 regulates oxidative stress responses. Plant Cell 2021, 33, 2032–2057.
[CrossRef]

http://doi.org/10.1111/jipb.13062
http://www.ncbi.nlm.nih.gov/pubmed/33369119
http://doi.org/10.1111/j.1365-313X.2009.03877.x
http://www.ncbi.nlm.nih.gov/pubmed/19392689
http://doi.org/10.1111/nph.16787
http://doi.org/10.1016/j.gene.2010.02.011
http://doi.org/10.1104/pp.111.4.1011
http://doi.org/10.1111/j.1365-313X.2008.03763.x
http://doi.org/10.1105/tpc.11.5.875
http://doi.org/10.1105/tpc.113.117796
http://doi.org/10.3389/fpls.2021.649720
http://doi.org/10.1111/nph.17119
http://doi.org/10.3389/fpls.2016.00114
http://www.ncbi.nlm.nih.gov/pubmed/26904076
http://doi.org/10.1016/j.tplants.2007.08.014
http://doi.org/10.1105/tpc.001263
http://doi.org/10.1073/pnas.93.11.5624
http://doi.org/10.1038/17800
http://doi.org/10.1093/mp/sss089
http://doi.org/10.1038/cr.2008.26
http://doi.org/10.1038/sj.cr.7290331
http://doi.org/10.1111/nph.12860
http://doi.org/10.1111/tpj.12440
http://doi.org/10.1105/tpc.111.084715
http://www.ncbi.nlm.nih.gov/pubmed/21586684
http://doi.org/10.1111/nph.16989
http://doi.org/10.1104/pp.108.118562
http://www.ncbi.nlm.nih.gov/pubmed/18467463
http://doi.org/10.1038/ncomms15300
http://doi.org/10.1093/plcell/koab079


Int. J. Mol. Sci. 2022, 23, 6170 21 of 21

117. Hagkarim, N.C.; Grand, R. The Regulatory Properties of the Ccr4–Not Complex. Cells 2020, 9, 2379. [CrossRef]
118. Sun, W.; Han, H.; Deng, L.; Sun, C.; Xu, Y.; Lin, L.; Ren, P.; Zhao, J.; Zhai, Q.; Li, C. Mediator Subunit MED25 Physically Interacts

with PHYTOCHROME INTERACTING FACTOR4 to Regulate Shade-Induced Hypocotyl Elongation in Tomato. Plant Physiol.
2020, 184, 1549–1562. [CrossRef]

119. Pham, V.N.; Kathare, P.K.; Huq, E. Phytochromes and Phytochrome Interacting Factors. Plant Physiol. 2017, 176, 1025–1038.
[CrossRef]

120. Hornitschek, P.; Kohnen, M.V.; Lorrain, S.; Rougemont, J.; Ljung, K.; López-Vidriero, I.; Franco-Zorrilla, J.M.; Solano, R.;
Trevisan, M.; Pradervand, S.; et al. Phytochrome interacting factors 4 and 5 control seedling growth in changing light conditions
by directly controlling auxin signaling. Plant J. 2012, 71, 699–711. [CrossRef]

121. Umezawa, T. The cinnamate/monolignol pathway. Phytochem. Rev. 2009, 9, 1–17. [CrossRef]
122. Liu, Q.; Luo, L.; Zheng, L. Lignins: Biosynthesis and Biological Functions in Plants. Int. J. Mol. Sci. 2018, 19, 335. [CrossRef]
123. Ruegger, M.; Chapple, C. Mutations That Reduce Sinapoylmalate Accumulation in Arabidopsis thaliana Define Loci with Diverse

Roles in Phenylpropanoid Metabolism. Genetics 2001, 159, 1741–1749. [CrossRef] [PubMed]
124. Stout, J.; Romero-Severson, E.; Ruegger, M.O.; Chapple, C. Semidominant Mutations in Reduced Epidermal Fluorescence 4 Reduce

Phenylpropanoid Content in Arabidopsis. Genetics 2008, 178, 2237–2251. [CrossRef] [PubMed]
125. Bonawitz, N.D.; Soltau, W.L.; Blatchley, M.R.; Powers, B.L.; Hurlock, A.K.; Seals, L.A.; Weng, J.-K.; Stout, J.; Chapple, C. REF4

and RFR1, Subunits of the Transcriptional Coregulatory Complex Mediator, Are Required for Phenylpropanoid Homeostasis in
Arabidopsis. J. Biol. Chem. 2012, 287, 5434–5445. [CrossRef]

126. Bonawitz, N.D.; Kim, J.I.; Tobimatsu, Y.; Ciesielski, P.N.; Anderson, N.A.; Ximenes, E.; Maeda, J.; Ralph, J.; Donohoe, B.S.;
Ladisch, M.; et al. Disruption of Mediator rescues the stunted growth of a lignin-deficient Arabidopsis mutant. Nature 2014, 509,
376–380. [CrossRef]

127. Mottiar, Y.; Vanholme, R.; Boerjan, W.; Ralph, J.; Mansfield, S. Designer lignins: Harnessing the plasticity of lignification. Curr.
Opin. Biotechnol. 2016, 37, 190–200. [CrossRef]

128. Anderson, N.A.; Bonawitz, N.D.; Nyffeler, K.; Chapple, C. Loss of ferulate 5-hydroxylase leads to Mediator-dependent inhibition
of soluble phenylpropanoid biosynthesis in Arabidopsis. Plant Physiol. 2015, 169, 1557–1567. [CrossRef]

129. Humphreys, J.M.; Hemm, M.R.; Chapple, C. New routes for lignin biosynthesis defined by biochemical characterization of
recombinant ferulate 5-hydroxylase, a multifunctional cytochrome P450-dependent monooxygenase. Proc. Natl. Acad. Sci. USA
1999, 96, 10045–10050. [CrossRef]

130. Dolan, W.L.; Dilkes, B.P.; Stout, J.M.; Bonawitz, N.D.; Chapple, C. Mediator Complex Subunits MED2, MED5, MED16, and
MED23 Genetically Interact in the Regulation of Phenylpropanoid Biosynthesis. Plant Cell 2017, 29, 3269–3285. [CrossRef]

131. Mao, X.; Kim, J.I.; Wheeler, M.T.; Heintzelman, A.K.; Weake, V.M.; Chapple, C. Mutation of Mediator subunit CDK 8 counteracts
the stunted growth and salicylic acid hyperaccumulation phenotypes of an Arabidopsis MED 5 mutant. New Phytol. 2019, 223,
233–245. [CrossRef]

132. Davoine, C.; Abreu, I.N.; Khajeh, K.; Blomberg, J.; Kidd, B.N.; Kazan, K.; Schenk, P.M.; Gerber, L.; Nilsson, O.; Moritz, T.; et al.
Functional metabolomics as a tool to analyze Mediator function and structure in plants. PLoS ONE 2017, 12, e0179640. [CrossRef]
[PubMed]

133. Dolan, W.L.; Chapple, C. Transcriptome Analysis of Four Arabidopsis thaliana Mediator Tail Mutants Reveals Overlapping and
Unique Functions in Gene Regulation. G3 Genes Genomes Genet. 2018, 8, 3093–3108. [CrossRef] [PubMed]

134. Mao, X.; Weake, V.M.; Chapple, C. Mediator function in plant metabolism revealed by large-scale biology. J. Exp. Bot. 2019, 70,
5995–6003. [CrossRef] [PubMed]

135. Wang, C.; Du, X.; Mou, Z. The Mediator Complex Subunits MED14, MED15, and MED16 Are Involved in Defense Signaling
Crosstalk in Arabidopsis. Front. Plant Sci. 2016, 7, 1947. [CrossRef]

136. Zhang, X.; Wang, C.; Zhang, Y.; Sun, Y.; Mou, Z. The Arabidopsis Mediator Complex Subunit16 Positively Regulates Salicylate-
Mediated Systemic Acquired Resistance and Jasmonate/Ethylene-Induced Defense Pathways. Plant Cell 2012, 24, 4294–4309.
[CrossRef]

137. Zhang, X.; Yao, J.; Zhang, Y.; Sun, Y.; Mou, Z. The Arabidopsis Mediator complex subunits MED14/SWP and MED16/SFR6/IEN1
differentially regulate defense gene expression in plant immune responses. Plant J. 2013, 75, 484–497. [CrossRef]

http://doi.org/10.3390/cells9112379
http://doi.org/10.1104/pp.20.00587
http://doi.org/10.1104/pp.17.01384
http://doi.org/10.1111/j.1365-313X.2012.05033.x
http://doi.org/10.1007/s11101-009-9155-3
http://doi.org/10.3390/ijms19020335
http://doi.org/10.1093/genetics/159.4.1741
http://www.ncbi.nlm.nih.gov/pubmed/11779811
http://doi.org/10.1534/genetics.107.083881
http://www.ncbi.nlm.nih.gov/pubmed/18430946
http://doi.org/10.1074/jbc.M111.312298
http://doi.org/10.1038/nature13084
http://doi.org/10.1016/j.copbio.2015.10.009
http://doi.org/10.1104/pp.15.00294
http://doi.org/10.1073/pnas.96.18.10045
http://doi.org/10.1105/tpc.17.00282
http://doi.org/10.1111/nph.15741
http://doi.org/10.1371/journal.pone.0179640
http://www.ncbi.nlm.nih.gov/pubmed/28640868
http://doi.org/10.1534/g3.118.200573
http://www.ncbi.nlm.nih.gov/pubmed/30049745
http://doi.org/10.1093/jxb/erz372
http://www.ncbi.nlm.nih.gov/pubmed/31504746
http://doi.org/10.3389/fpls.2016.01947
http://doi.org/10.1105/tpc.112.103317
http://doi.org/10.1111/tpj.12216

	Introduction 
	Conserved and Unique Features of Transcription and Mediator Complex in Plants 
	Mediator Complex in Signaling of JA, a Stress-Responsive Hormone 
	Function of the Mediator Complex in Broad Plant Biotic Interactions 
	Mediator Complex as a Central Regulator of ABA-Mediated Stress Responses 
	Roles of the Mediator Complex in Plant Responses to Abiotic Stresses 
	Regulation of Phenylpropanoid Biosynthesis by Plant Mediator Complex 
	Summary and Prospects 
	References

