1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Host Microbe. Author manuscript; available in PMC 2017 May 11.

Published in final edited form as:
Cell Host Microbe. 2016 May 11; 19(5): 641-650. doi:10.1016/j.chom.2016.04.011.

-, HHS Public Access
«

Transcriptional regulation of pattern-triggered immunity in
plants

Bo Lil”, Xiangzong Meng?”, Libo Shanl#, and Ping He?*
1Department of Plant Pathology and Microbiology, and Institute for Plant Genomics and
Biotechnology, Texas A&M University, College Station, TX 77843, USA

2Department of Biochemistry and Biophysics, and Institute for Plant Genomics and Biotechnology,
Texas A&M University, College Station, TX 77843, USA

SUMMARY

Perception of microbe-associated molecular patterns (MAMPS) by cell surface-resident pattern
recognition receptors (PRRS) induces rapid, robust and selective transcriptional reprogramming,
which is central for launching effective pattern-triggered immunity (PTI) in plants. Signal relay
from PRR complexes to the nuclear transcriptional machinery via intracellular kinase cascades
rapidly activates primary immune response genes. The coordinated action of gene-specific
transcription factors and the general transcriptional machinery contributes to the selectivity of
immune gene activation. In addition, PRR complexes and signaling components are often
transcriptionally up-regulated upon MAMP perception to ensure the robustness and sustainability
of PTI outputs. In this review, we discuss recent advances in deciphering the signaling pathways
and regulatory mechanisms that coordinately lead to timely and accurate MAMP-induced gene
expression in plants.
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INTRODUCTION

Being sessile and photoautotrophic, plants need to launch prompt and effective defense
responses /n situto ward off constant threats from diverse pathogens. Plants also need to
precisely coordinate defense with growth and development to optimize ecological fitness.
Plants defend against pathogens using a two-tiered innate immune system: pattern-triggered
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immunity (PTI) and effector-triggered immunity (ETI) (Jones and Dangl, 2006). PTI is
triggered via activation of plasma membrane (PM)-resident pattern recognition receptors
(PRRs) by pathogen- or microbe-associated molecular patterns (PAMPs/MAMPS) and
endogenous damage-associated molecular patterns (DAMPSs) (Macho and Zipfel, 2014). ETI
is elicited by pathogen-derived effectors via intracellular nucleotide-binding domain leucine-
rich repeat-containing receptors (NLRs) and is often accompanied with localized
programmed cell death (Zebell and Dong, 2015). In general, PTI contributes to plant basal
resistance to diverse adapted and non-adapted microbes, whereas ETI plays a central role in
defending against race-specific host-adapted pathogens. In addition, localized primary
infection can signal the development of systemic acquired resistance, which manifests as
enhanced resistance in distal tissues (Spoel and Dong, 2012).

Pathogen invasion usually induces a profound and dynamic reprogramming of plant gene
expression, which is central for launching robust and effective host defense responses
(Buscaill and Rivas, 2014; Tsuda and Somssich, 2015). Recent studies have substantially
advanced our understanding of the genome-wide transcriptional landscape underlying plant
defense responses and uncovered roles for some pathway-specific transcription factors in
regulating plant immune gene expression. Further, along with the uncovering of pathways
from pathogen perception to gene activation, the specific functions of general transcriptional
machinery in regulating primary immune gene expression are emerging. Here, we review the
recent progress on the mechanisms of MAMP-induced transcriptional reprogramming and
transcriptional regulation of PTI outputs in plants. We aim to provide insights into how the
cooperative action of the general transcriptional machinery and specific transcription factors
is orchestrated to achieve rapid and highly selective activation of immune genes, and how
transcriptional regulation sustains various PTI outputs.

Robust and dynamic transcriptional changes in PTI

The well-characterized Arabidopsis PRRs include the bacterial flagellin receptor FLS2 that
recognizes a conserved 22-amino-acid peptide (flg22) of flagellin and the bacterial
elongation factor Tu (EF-Tu) receptor EFR that recognizes an 18-amino-acid peptide (elf18)
of EF-Tu. Both FLS2 and EFR are leucine-rich repeat receptor-like kinases (LRR-RLKS).
Upon perception of the cognate MAMPSs, these PRRs initiate immune signaling by
instantaneous heterodimerization with the LRR-RLK family co-receptor BAK1 (Bohm et
al., 2014; Macho and Zipfel, 2014). The receptor-like cytoplasmic kinase (RLCK) BIK1 and
its homolog PBL1 constitutively associate with FLS2/EFR and BAKZ1, and are rapidly
phosphorylated and released from the receptor complexes upon MAMP perception (Lin et
al., 2013). BIK1 directly phosphorylates the PM-resident NADPH oxidase RBOHD, which
together with calcium signaling-mediated RBOHD regulation results in the transient
production of reactive oxygen species (ROS) (Macho and Zipfel, 2014). Perception of
MAMPs also activates mitogen-activated protein kinases (MAPKSs) and calcium-dependent
protein kinases (CDPKs), two central signaling modules that transduce early PTI signals into
multiple intracellular defense responses including transcriptional reprogramming (Tena et
al., 2011). Callose deposition, stomatal closure, and production of ethylene (ET) and
antimicrobial components are the resulting hallmarks of PTI, which are regulated
downstream or independently of MAPK and CDPK activations (Figure 1) (Macho and
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Zipfel, 2014; Wu et al., 2014). Collectively, these events lead to the inhibition of pathogen
multiplication and containment of disease progression. Further, genes encoding DAMPs,
PRR complexes and signaling components are often rapidly and transiently upregulated in
response to MAMP perception leading to the amplification of innate immune responses.

Perception of different MAMPSs by cognate PRRs triggers profound transcriptional
reprogramming of a set of largely overlapping genes with distinct temporal dynamics. A
large number of genes are commonly upregulated by treatments with the MAMPs flg22,
elf18, bacterial peptidoglycan or fungal chitin (Gust et al., 2007; Wan et al., 2008; Zipfel et
al., 2006). In addition, treatment with the DAMP oligogalacturonides (OGs), pectin
fragments released from plant cell walls by fungal polygalacturonases, activates a similar
early transcriptional reprogramming as that induced by flg22 (Denoux et al., 2008). Thus,
diverse MAMPs/DAMPs likely activate the convergent signaling pathways that lead to
similar transcriptional changes. However, the induction dynamics and amplitude of
individual genes may differ in response to different MAMPSs.

The transcriptional reprogramming activated by the bacterium Pseudomonas syringae pv.
tomato (Psi) type Il secretion mutants, such as ArpA or hreC, is likely due to a collective
action of multiple MAMPs in these nonpathogenic bacteria. Comparative analysis of
Avrabidopsis transcriptional changes in response to virulent Pstand its nonpathogenic /A
mutant at different time points has revealed that the transcriptional response to MAMPSs is
initiated prior to pathogen multiplication. The genes induced early are related to defense
responses and salicylic acid (SA) biosynthesis, whereas genes associated with
photosynthesis-related processes are significantly suppressed, suggesting that plants may
actively reduce the production of photosynthates to restrict the resources required for
pathogen growth as an additional defense mechanism (Lewis et al., 2015).

MAPKSs and CDPKs are potential convergent points downstream of PRRs in controlling PTI
transcriptional reprogramming (Tena et al., 2011). MAPKSs and CDPKs act either
specifically or synergistically in controlling MAMP-induced genes (Boudsocq et al., 2010).
Perception of MAMPs rapidly and transiently activates three major MAPKs, MPK3, MPK4
and MPKS®, which have redundant and distinct functions in PTI signaling. A comparative
transcriptome analysis of the mpk3, mpk4, and mpk6 mutants revealed that 36% of the
flg22-upregulated genes and 68% of the flg22-downregulated genes were affected in at least
one of the mpk mutants (Frei dit Frey et al., 2014). A large portion of MAPK target genes
are similarly regulated by two or three MAPKS, consistent with their partially overlapping
functions. Identification of specific transcription factors targeted by individual MAPKs and
CDPKs will provide insights into the interplay between MAPKs and CDPKs on immune
gene regulation.

The plant defense hormones SA and ET/jasmonic acid (JA) are thought to function
antagonistically in plants against biotrophic and necrotrophic pathogens. Analysis of an
Arabidopsis ddeZ/ein2/pad4/sid2 quadruple mutant, in which four signaling sectors
including JA, ET, phytoalexin-deficient 4 (PAD4) and SA signaling pathways are all
disrupted, revealed that all three hormones and the PADA4 sector act positively in flg22/elf18-
mediated PTI (Tsuda et al., 2009). Although 80% of MAMP-mediated resistance is
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abolished in the quadruple mutant, the early MAMP signaling events, such as MAPK
activation and primary immune gene induction, were not significantly changed in the
quadruple mutant, suggesting that the signaling network defined by SA, JA, ET and PAD4
sectors mainly controls some of the late PTI responses (Tsuda et al., 2009). In a model-
based analysis using different combinatorial mutants of these signaling sectors, it has been
shown that the interaction between SA and PAD4 sectors exerts synergistic contributions to
PTI, whereas the other interactions were compensatory (Kim et al., 2014). The inhibitory
effect of the ET sector on the JA sector plays an important role to the network robustness,
ensuring that the network output does not change much when conditions of the network
change. This network robustness is likely important for plant defense against attacks by fast-
evolving pathogens (Kim et al., 2014). In addition, JA positively regulates SA, and the
negative interaction between JA and PADA4 is likely the cause of apparent SA-JA
antagonism. Future systems and modeling analysis will likely provide novel insights to
explain the sophisticated and complicated plant immune system.

Selective activation of the general transcription machinery in plant PTI

Transcription of eukaryotic messenger RNA (mRNA) is catalyzed by the multi-subunit
enzyme RNA polymerase Il (RNAPII) that binds selectively to the promoters of target genes
with the assistance of general transcription factors. The Mediator complex functions as
transcription cofactors to regulate RNAPII activities at each step of transcription cycles and
contributes to transcriptional specificity via interaction with gene-specific transcription
factors that cooperatively activate target genes by binding to the specific ¢/s-elements in
promoters (Figure 2). The initiation and elongation of mRNA transcripts are also regulated
by a series of additional co-activators or co-repressors, in particular those regulating histone
modification and chromatin remodeling. The transcriptional responses to pathogen
infections are fine-tuned at multiple levels via highly sophisticated regulatory mechanisms.

Phosphorylation dynamics of RNAPII in plant PTI signaling

Rpb1, the largest subunit of RNAPII, contains a carboxyl-terminal domain (CTD) consisting
of conserved heptapeptide repeats with the consensus sequence Y1SoP3T4SsPgS7. Dynamic
phosphorylation pattern of the CTD regulates each step of RNAPII-mediated transcription
cycles via recruiting different CTD binding proteins, and thus plays a central role in the
regulation of gene expression (Buratowski, 2009). As a core regulatory mechanism of
eukaryotic transcription, Arabidopsis RNAPII CTD phosphorylation is deliberately
regulated upon MAMP perception to launch prompt host immune responses (Li et al.,
2014b). Perception of flg22, elf18 or chitin leads to a rapid and transient phosphorylation of
Avrabidopsis RNAPII at various serine residues in the CTD heptapeptide repeats by
Arabidopsis cyclin-dependent kinase Cs (CDKCs), homologs of mammalian CDK9.
MAMP-stimulated MPK3/MPKG® directly phosphorylate and activate CDKCs, which in turn
phosphorylate the CTD of RNAPII (Figure 2). Consistent with this, flg22-induced CTD
phosphorylation is compromised in cakc mutants, accompanied by reduced immune gene
induction and disease resistance, suggesting that CTD phosphorylation positively regulates
plant PTI (Li et al., 2014b). CDKCs are also important regulators in plant virus resistance
likely through regulation of viral replication in host cells (Cui et al., 2007). CDKCs appear
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to have a general role in gene transcription since they phosphorylate all three serine residues
in CTD and are also essential for plant growth (Cui et al., 2007; Li et al., 2014b). Direct
phosphoregulation of CDKCs by MAMP-activated MAPKSs provides a means for plants to
rapidly activate primary immune response genes.

CTD phosphorylation is intricately intertwined with dephosphorylation by different CTD
phosphatases during transcription cycles. Arabidopsis CTD phosphatase-like 3 (CPL3)
preferentially interacts with and dephosphorylates serine 2 of phospho-CTD (Li et al.,
2014b). CPL3 negatively regulates plant PTI through counter-regulation of MAMP-induced
CTD phosphorylation. Interestingly, although CPL3 regulates a significant proportion of
flg22-induced genes, it barely affects the overall transcriptional profile in the absence of a
stimulus. In addition, CPL3 is dispensable for Arabidopsis vegetative growth, which is
distinct from the essential function of its yeast homolog FCP1 in growth regulation. This
apparent paradox could be due in part to the existence of another Arabidopsis FCP1
homolog CPL4, an essential gene for plant growth and development (Bang et al., 2006).
Furthermore, CPL3 is involved in plant responses to abiotic stresses mediated by the
hormone abscisic acid (ABA) (Jiang et al., 2013). It is plausible that CPL4 regulates
RNAPII activity for general transcription, whereas CPL3-mediated RNAPII
dephosphorylation is specifically engaged in plant stress and immune responses. Notably,
unlike CPL4, CPL3 has a plant-specific N-terminal domain of unknown function, which
may interact with signal-specific transcriptional regulatory proteins, thereby orchestrating
functional selectivity.

Differential functions of the Mediator complex in plan immunity

As an RNAPII cofactor, Mediator is an evolutionarily conserved multiunit protein complex
interacting with RNAPII, other cofactors and gene-specific transcription factors in
eukaryotes (Kidd et al., 2011) (Figure 2). The Mediator complex not only functions in
modulation of basal transcriptional activity but also controls selective activation of specific
genes in responses to various stimuli. The Arabidopsis Mediator complex consists of 21
conserved and 6 plant-specific subunits. It appears that individual Mediator subunits are
engaged in diverse biological processes, suggesting their potential involvement in
transducing specific signals from distinct internal and external cues to RNAPII for selective
transcription of pathway-specific genes (Kidd et al., 2011). Several Arabidopsis Mediator
subunits have been implicated in plant immunity to different biotrophic and necrotrophic
pathogens through regulation of gene transcription. MED8, MED16, MED21 and MED25
are involved in JA/ET-mediated resistance to the necrotrophic fungi Botrytisand Alternaria
(Kidd et al., 2011; Samanta and Thakur, 2015). MED18 is also important for plant immunity
against necrotrophic fungi, but in a JA/ET-independent manner (Lai et al., 2014). MED14,
MED15 and MED16 contribute to SA-mediated plant local and systemic resistance to Pst
(Zhang et al., 2013). CDK8, MED12 and MED13, the kinase module of the Mediator
complex, also play important roles in plant immunity to necrotrophic fungi and Pst (Zhu et
al., 2014). Systematic characterization of various PTI outputs triggered by purified MAMPs
or Pst hreC in individual Mediator complex mutants can help reveal whether and how
Mediator directly conveys PRR signaling to selective activation of MAMP-responsive genes.
Consistent with its important role in regulating immune gene expression, Mediator is
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targeted by pathogen effectors to dampen host immunity. The secreted effector HaRxL44 of
downy mildew Hyaloperonospora arabidopsidis interacts with and degrades the Arabidopsis
MED19a, a positive regulator in SA-mediated immunity, to promote pathogenicity (Caillaud
etal., 2013).

Individual Mediator subunits often interact with gene-specific transcription factors to decode
information from upstream signals and dictate pathway-specific gene transcription. MED25
directly interacts with several key transcription factors in the JA signaling pathway,
including ERF1, ORA59 and MYC2, and positively regulates JA-responsive genes (Cevik et
al., 2012; Chen et al., 2012). Notably, ERF1 and ORA59 regulate different JA-responsive
genes from those regulated by MYC2 (Cevik et al., 2012). In addition, MED25 as well as its
interacting subunit CDKS8 also regulate the expression of £ERFIand ORA59by binding to
their promoters (Cevik et al., 2012; Zhu et al., 2014). Moreover, MED16 directly interacts
with WRKY 33, a member of the WRK'Y family of plant-specific transcription factors
(discussed below in detail) and is essential for the recruitment of RNAPII to the WRKY33
target genes PDF1.2and ORA59, suggesting a specific role of MED16 in mediating the
transcriptional regulation of WRKY 33 target genes (Wang et al., 2015). MED18 also
interacts with multiple transcription factors involved in defense responses, flowering time
control and ABA signaling. MED18 is important for the RNAPII occupancy of the promoter,
coding and terminator regions of target genes, reinforcing the role of Mediator in facilitating
RNAPII-mediated transcription initiation, elongation and termination (Lai et al., 2014). The
understanding of how a specific signaling pathway regulates the interaction of gene-specific
transcription factors with Mediator subunits and the subsequent activation of transcriptional
machinery may lead to the strategic development for selective activation of defense
responses.

Other transcriptional co-activators in plant PTI

In addition to Mediator, many other transcriptional co-activators promote transcription by
bridging transcription factors and RNAPII and/or relaxing the chromatin structure at target
gene promoters (Ding and Wang, 2015). Several subunits of general transcription factors,
such as TAFII-250, a major subunit of the transcription initiation factor TFIID, possess
histone acetyltransferase activity. Histone acetylation of a target chromatin region is
generally correlated with active transcription. The CREB-binding protein (CBP)/p300
family, a group of histone acetyltransferases in animals, are key transcriptional co-activators
in gene transcriptional regulation by promoting acetylation of both histones and transcription
factors. The Arabidopsis histone acetyltransferase HAC1, a homolog of CBP/p300, is
involved in priming of PTI responses triggered by ArcC or flg22 (Singh et al., 2014). HAC1
is required for repetitive abiotic stress-induced plant resistance to Pstinfections and
enhanced PTI marker gene expression, which is correlated with RNAPII enrichment and
histone modification marks associated with transcriptional activation. HAC1 is also
important for priming of flg22 or ArcC-induced callose deposition in response to repetitive
stresses. This may be achieved through regulation of callose biosynthetic genes, many of
which are MAMP inducible (Clay et al., 2009). Apparently, the HAC1-mediated histone
modification is transient and the enhanced resistance induced by repetitive stresses was lost
seven days after the last stress treatment. Despite pleiotropic growth defects, without
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repetitive stress treatments, the #ac mutants display no detectable difference from wild-type
plants in bacterial resistance, suggesting that HAC1 is less important for plant immunity
under normal conditions (Singh et al., 2014).

The ATP-dependent chromatin remodeling complex SWR1 is also involved in plant
immunity and PTI signaling. SWR1 complex regulates chromatin structure by substitution
of canonical H2A histone with the histone variant H2A.Z (March-Diaz et al., 2008). The
Arabidopsis SWR1 complex components SEF, ARP6 and PIE1, the homologues of the yeast
Swc6, Arp6 and the core ATPase Swrl proteins respectively, negatively regulate resistance
to virulent Pstand SA-mediated defense (Cheng et al., 2013; March-Diaz et al., 2008).
Similarly, mutation of H2A.Z coding genes H7A9and HTA11 also renders plants more
resistant to Pst infections (March-Diaz et al., 2008). Interestingly, Arabidopsis arp6 and
hta9htall mutants display differential responses in PTI and ETI with enhanced flg22-
induced MAPK activation and PTI marker gene expression, but reduced bacterial effector-
triggered hypersensitive response and resistance (Cheng et al., 2013). It has been reported
that histone H2A.Z nucleosomes may function as a thermosensor for Arabidopsis to
precisely perceive ambient temperature (Kumar and Wigge, 2010). The arp6 and hta9htall
mutants phenocopy plants grown at the elevated ambient temperature. The differential
responses of arp6and hta9htall mutants in two tiers of plant immunity is consistent with the
observation that elevated ambient temperatures promote PTI but suppress ETI (Cheng et al.,
2013). Nevertheless, SWR1 complex and H2A.Z nucleosomes sense temperature and
regulate plant immunity likely through modulation of transcriptome changes. In addition,
other histone modification enzymes and chromatin remodeling complex components have
also been implicated in plant defense to different biotrophic and necrotrophic pathogens
(Ding and Wang, 2015; Ma et al., 2011). However, the knowledge on whether and how these
components regulate MAMP-induced gene expression and other PTI responses awaits
further investigation.

Activation of gene-specific transcription factors in PTI signaling

Transcriptional selectivity is achieved by coordinated actions of gene-specific transcription
factors that bind unique DNA sequences and selectively regulate the expression of gene
subsets in response to specific stimuli. Arabidopsis and other plant genomes encode ~2000
putative transcription factor genes grouped into more than 70 families. Some plant-specific
families of transcription factors play critical roles in orchestrating plant immune gene
expression. In general, these transcription factors often act downstream of MAPK cascades
or Ca2* signaling via diverse activation mechanisms in response to pathogen infections
(Figures 2 & 3).

Transcription factors regulated by MAPK cascades

Members of the WRK'Y gene family of plant-specific transcription factors are often induced
in response to diverse pathogens and abiotic stresses, suggesting their broad involvement in
stress responses (Tsuda and Somssich, 2015). WRKYZ22and WRKYZ29are induced by flg22
treatment and function downstream of a flg22-activated MAPK cascade consisting of
MEKK1/MTK-MKK4/MKK5-MPK3/MPKG6 (Asai et al., 2002), although the mechanism by
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which WRKY22/WRKY29 are activated downstream of MPK3/MPKG6 is not known. On the
other hand, MPK3/MPKG® directly phosphorylates WRKY 33 to modulate the expression of
key genes for the biosynthesis of camalexin, a major phytoalexin in Arabidopsis defense
against the necrotrophic fungus Botrytis (Mao et al., 2011). WRKY 33 also directly targets
ABA biosynthetic genes to repress the biosynthesis of ABA, which plays a negative role in
plant resistance to Botrytis (Liu et al., 2015). WRKY s often form positive feedback
regulatory loops via binding to their own promoters to amplify the signal (Liu et al., 2015;
Mao et al., 2011). In other cases, VQ matif-containing proteins (VQPs) interact with and
bridge MAPKSs and WRKYSs. Flg22-activated MPK4 phosphorylates the VQP MKS1, which
leads to the subsequent dissociation of the MKS1-WRKY 33 complex from MPK4 to
regulate target gene expression (Qiu et al., 2008). In addition, MPK3/MPKG6 interact with
and phosphorylate a subset of VQPs, namely MPK3/MPK6-targeted VQPs (MVQs), each of
which further interacts with a specific subclass of WRKYSs via VQ motif (Pecher et al.,
2014). Phosphorylation by MAMP-activated MPK3/MPKG® leads to destabilization of
MVQL. It remains unknown whether and how destabilization of MVVQ1 leads to the
activation of WRKY's. However, this scenario somewhat mirrors the activation mechanism
of transcription factor NF-xB-mediated gene expression in mammals (Ishii et al., 2008).
Without stimuli, NF-xB is sequestered in the cytoplasm by 1«B inhibitor proteins. Stimulus-
dependent phosphorylation of 1B by the upstream IKK complex leads to IxB degradation,
and the freed NF-kB translocates to the nucleus where it drives expression of target genes.
Similarly, WRKYs may be inhibited by VQPs in the resting state. The stimulus-dependent
phosphorylation of VQPs by MPK3/MPK6 may lead to VQP degradation, releasing the
WRKYSs to drive expression of target genes. Alternatively, VQPs may exert function via
modulating the DNA binding or transactivation activity of WRKYSs. It has been shown that
interaction of WRKY33 with the VQPs SIB1 and SIB2 promotes WRKY 33 DNA binding
activity (Lai et al., 2011). It is conceivable that different VQPs may engage distinct
regulatory mechanisms to activate WRKY's upon phosphorylation by upstream MAPKSs.

ERFs are another large family of plant-specific transcription factors involved in plant
immunity. ERF104 is a substrate of MAMP-activated MPK®6, and once phosphorylated,
ERF104 is released from MPKG® to activate target genes (Bethke et al., 2009). MPK6-
mediated phosphorylation likely stabilizes ERF104 since the phosphor- mutant is less stable
than wild-type proteins upon flg22 treatment. Notably, both the erfZ04 mutant and
overexpression lines displayed enhanced disease susceptibility, suggesting that the protein
level of ERF104 is critical for its function in plant immunity (Bethke et al., 2009). Similarly,
ERF6 is phosphorylated by MPK3/MPK®6 upon Botrytis infection (Meng et al., 2013).
Phosphorylation of ERF6 by MPK3/MPKG® also stabilizes ERF6 protein since the ERF6
phosphomimetic mutant accumulates more protein than wild-type in transgenic plants. ERF6
gene expression is also regulated by MPK3/MPK®6 activation. Therefore, MPK3/MPK6
regulate ERF6 activity at both the transcriptional and post-translational levels (Meng et al.,
2013).

Trihelix transcription factors appear to be specific to land plants with 30 members in
Arabidopsis. The Arabidopsis trihelix transcription factor ASR3 functions as a negative
regulator in plant PTI signaling and is rapidly phosphorylated upon flg22 or elf18 treatment
by the MAMP-activated MEKK1-MKK1/MKK2-MPK4 cascade (Li et al., 2015). MPK4-
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mediated phosphorylation of ASR3 enhances its DNA binding activity but seems not to
affect its transcriptional repressor activity. The MAMP-activated MPKG6 also phosphorylates
BES1, a key transcription factor regulated by the GSK3 kinase BINZ2 in brassinosteroid (BR)
signaling (Kang et al., 2015). BES1 positively regulates plant immunity and PTI gene
expression. MPK6-mediated BES1 phosphorylation is important for its function in plant
immunity but not BR-mediated growth and development, suggesting that differential
phosphorylation of BES1 by MPK6 and BIN2 dictates its distinct functions. In contrast, the
activation of BZR1, the closest BES1 homolog and another key transcription factor in BR
signaling, results in the suppression of multiple PTI1 outputs (Lozano-Duran et al., 2013).
The negative role of BZR1 in plant immunity may be due to its interaction with and
regulation of a subset of WRKY's that negatively regulate PTI signaling. This points to a
potential trade-off regulation between plant immunity and BR-mediated plant growth.
Despite their largely overlapping functions in BR signaling, BES1 and BZR1 exhibit
opposite roles in plant immunity with distinct mechanisms.

Transcription factors regulated by Ca2* signaling

Ca?* signals, with disparate dynamics upon different stimuli, serve as an essential second
messenger that links cell membrane responses to nuclear gene transcription. One common
mechanism to transmit Ca2* signaling is through Calmodulin (CaM) proteins that bind Ca2*
and interact with other modulating proteins. CaM-binding protein 60g (CBP60g), a plant-
specific transcription factor, is involved in MAMP-induced SA accumulation via regulating
expression of the SA biosynthetic gene /CSI (Wang et al., 2011; Zhang et al., 2010) (Figure
3). CBP60g and another CBP60 protein SARD1 have redundant functions in plant immunity
yet with distinct mode of actions. In contrast to the essential role of CaM binding for
CBP60g in plant immunity, SARD1 lacks CaM binding ability. CBP60g appears to mainly
regulate gene expression at the early stages of infections whereas SARD1 plays a prominent
role at the late stages (Wang et al., 2011). Nevertheless, both CBP60g and SARD1 directly
bind to the promoter regions of many key genes in plant immunity, including BAKI, BIK1
and MPK3in PTI signaling, and contribute to flg22-induced resistance to Pstinfection (Sun
et al., 2015). CBP60a, another CBP60 protein, negatively regulates plant immunity and SA
accumulation in the absence of pathogen infections (Truman et al., 2013). It remains
unknown whether and how any of these CBPs specifically decode MAMP-induced Ca2*
spikes and contribute to the selective activation of a subset of immune genes.

Calcium signals can also be sensed and transmitted by CDPKSs, a group of plant-specific
protein kinases that carry a CaM-like domain and a protein kinase domain. The Arabidopsis
CDPK members CPK4, CPK5, CPK6 and CPK11 regulate a subset of MAMP-responsive
genes (Boudsocq et al., 2010). Overexpression of activated CPK5 or CPK11 induces
expression of 100-200 genes, 80% of which overlap with flg22-induced genes. In ETI
signaling, CPK4, CPK5, CPK6 and CPK11 directly phosphorylate the subgroup Ilc WRKY
members WRKY8, WRKY28, and WRKY48, which further regulate immune gene
expression via direct binding to the W-box of target genes (Gao et al., 2013). CDPK-
mediated phosphorylation of WRKY's enhances their binding to the target gene promoters.
Although the same set of CDPKs are involved in both PTI and ETI signaling, distinct Ca2*
signatures, unique CDPK activation kinetics and different CDPK targets may contribute to
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the specificity, amplitude and intensity of immune gene transcription in PTI and ETI. PTI
elicitation induces a rapid and transient Ca2* increase, whereas ETI elicitation leads to a
prolonged and sustained increase of cytosolic Ca2* concentration. As a consequence,
endogenous CDPKSs are activated with distinct amplitude and temporal dynamics upon PTI
and ETI elicitations (Boudsocq et al., 2010; Gao et al., 2013). Nevertheless, it is not yet
known whether CPK4/CPK5/CPK6/CPK11 phosphorylate another set of transcription
factors in regulating PT1 gene expression.

Transcriptional feedback regulation of PRRs and signaling components

Transcriptional feedback regulation often occurs at multiple levels in a signal transduction
pathway to ensure the robustness and sustainability of signaling outputs. MAMP-induced
transcriptional reprogramming feeds back to modulate the expression of PRR complexes,
diverse PTI signaling components and outputs at different steps to launch effective and
sustained immune responses (Figure 1 & 3).

Transcriptional regulation of PRR complexes

Genes encoding PRRs, such as FLSZand EFR, are often transcriptionally induced upon
MAMP treatment. The expression of FLS2depends on ET signaling (Boutrot et al., 2010;
Mersmann et al., 2010; Tintor et al., 2013). The basal expression of FLSZis largely reduced
in the ET-insensitive mutants, such as e/n2and etr1. Likely as a consequence of reduced
FLS2transcripts and proteins, all the FLS2-mediated responses are compromised in the e/in2
mutant. The EIN3 and EIN3-like transcription factors, which function downstream of EIN2,
directly bind to the FLSZ promoter (Boutrot et al., 2010). Flg22-induced FLSZ2 expression is
also reduced in the e/in2 mutant, suggesting a positive feedback regulation of FLS2
transcripts by flg22-induced ET production (Mersmann et al., 2010). FLS2 protein stability
and probably activity also undergo negative regulation, such as protein degradation within 1
hour upon flg22 elicitation (Lu et al., 2011; Smith et al., 2014). It is likely that flg22-induced
FLSZtranscripts, and subsequently FLS2 proteins, will prepare cells for the next round of
initiation of defense signaling upon flg22 elicitation (Smith et al., 2014). In addition, B/K1,
an essential PTI signaling regulator associated with multiple PRRs, is transcriptionally
induced by different MAMP treatments in an ET-dependent manner (Laluk et al., 2011).
Similar to FLSZ, the B/IK1 promoter is a direct target of EIN3. However, unlike FLSZ, the
basal expression of B/KI appears not to be regulated by ET signaling. BIK1 is also an
integral part of ET signaling since bikZ mutants exhibit compromised ET responses and ET-
mediated immunity (Laluk et al., 2011; Liu et al., 2013). It is likely that MAMP-induced ET
production enables the establishment of a transcriptional feedback loop to sustain the PTI
signaling by replenishment of PRR complexes (Figure 3).

Transcriptional regulation of PRR sighaling components and outputs

In addition to PRR complexes, many other PTI signaling components are also regulated at
the transcriptional level upon MAMP perception. The transcripts of MAMP-activated
MAPK cascade components, such as MEKKI1, MKK4, MPK3and MPK11, are induced
within 30 minutes after MAMP treatment (Bethke et al., 2012). Expression of the Nicotiana
benthamiana NbRBOHB, the ortholog of Arabidopsis RBOHD encoding an NADPH
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oxidase for ROS production, is induced by INF1, a MAMP from the potato pathogen
Phytophthora infestans, via MAPK-activated WRKY's (Adachi et al., 2015). MAMP-induced
ET production is mainly controlled by MPK3 and MPK6-mediated phosphorylation and
stabilization of ACS2 and ACS6, two rate-limiting enzymes in ET biosynthesis. The ACS
transcripts are also induced upon pathogen attack in an MPK3/MPK6-dependent manner (Li
et al., 2012). MPK3/MPKG® control the expression of ACS2/ACS6 through WRKY 33, which
is phosphorylated by MPK3/MPK®6 and directly binds to the promoters of ACS2/ACS6
(Figure 3). CDPKs also play an important role in pathogen- and DAMP OG-induced ET
biosynthesis (Gravino et al., 2015). Interestingly, CPK5/CPKG6 positively regulate ACS2/
ACS6 protein levels, but negatively regulate their transcripts (Gravino et al., 2015). Despite
the unknown mechanisms underlying how CDPKs differentially regulate ACS proteins and
transcripts, one possible mechanism is to launch rapid ET production and the other is to
engage in feedback regulation for fine-tuning pathogen-induced ET production.

Callose deposition is another classical PTI output presumably to fortify the plant cell wall at
pathogen infection sites. FIg22 induces expression of many core callose biosynthetic genes,
including genes for biosynthesis, modification and hydrolysis of the precursor indole
glucosinolate (IGS) (Clay et al., 2009). It appears that flg22-induced expression of IGS
biosynthetic genes depends on the MYB51 transcription factor, suggesting that MYB51
regulates the transcription of these genes. Considering that callose deposition often occurs
relatively late (around 12 hours) after PTI elicitation, it is plausible that MAMP-induced
transcriptional regulation of callose biosynthetic genes is to mount an effective inducible
defense rather than to establish a positive feedback loop.

Transcriptional regulation of DAMPs

DAMPs are generated by the host itself to serve as sensors and amplifiers of danger signals
upon pathogen attack (Yamaguchi and Huffaker, 2011). The genes encoding DAMPs are
often induced upon PTI elicitation. For example, expression of PROPEP2 and PROPEPS3,
which encode Pep peptides perceived by LRR-RLK PEPR1 and PEPR2 receptors, is
strongly and rapidly induced by pathogen infection and treatment of different MAMPs or
Pep itself (Bartels et al., 2013; Yamaguchi and Huffaker, 2011). Similarly, the secreted
peptide PIP1, which may function as a DAMP perceived by RLK?7, is induced by various
pathogens and MAMPs (Hou et al., 2014). The Pep and PIP peptides cooperatively amplify
flg22 signaling. It has been shown that WRKY 33 regulates flg22-induced expression of
PROPEPZ/PROPEP3 by directly binding to the W-boxes of PROPEP promoters (Logemann
et al., 2013) (Figure 3). Interestingly, WRKY 33 binding to the PROPEP promoters only
occurs after flg22 treatment. It is likely that WRKY 33 is firstly activated by upstream
components, such as MPK3/MPKG® in flg22 signaling, and in turn induces PROPEP
expression to strengthen PTI signaling. The wrky33mutant is only partially compromised in
flg22-induced expression of PROPEPs, indicating the involvement of additional factors in
this regulation (Logemann et al., 2013). Notably, CDPKs also play an important role in
regulating PROPEP gene expression (Boudsocq et al., 2010). The elf18-induced expression
of PROPEPZ also depends on ET signaling as the e/n2 mutant blocks PROPEPZ expression
induced by elf18 (Tintor et al., 2013). It has been suggested that ET and PEPR signaling
pathways act in concert to ensure optimal MAMP-induced transcriptional reprogramming
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and immunity to diverse pathogens (Liu et al., 2013; Tintor et al., 2013). PEPR signaling
may also play an important role in sustaining plant basal immunity when PTI signaling is
compromised with the loss of the PRR coreceptor BAK1 (Yamada et al., 2016). Loss of
BAK1 appears to potentiate the Pep-induced PROPEP3 transcription and subsequently
enhance the release of PROPEP peptides to the extracellular spaces, thereby sensitizing
basal immunity in the absence of BAK1. Notably, the bakZ null mutants appear to have
elevated SA levels, which may contribute to enhanced defense. Although it remains
unknown how BAK1 depletion is linked to PEPR-mediated defense activation, this
hypothesis may explain how plants effectively maintain basal immunity when PTI signaling
is compromised.

Conclusions and Perspectives

The rapidness, robustness and selectivity of immune gene activation ensures effective host
defense against pathogen attacks. Plant PRR complexes relay MAMP signals to multiple
intracellular signaling modules including the evolutionary conserved MAPK cascades and
Ca?* signaling, which further regulate various nuclear factors for immune gene
transcription. The relay of phosphorylation emanating from MAPK cascades downstream of
multiple PRRs to transcription factors and RNAPII transduces MAMP signals
instantaneously to the nuclear transcriptional machinery. Interactions between individual
Mediator subunits and different gene-specific transcription factors, including those
phosphorylated by MAPKS, govern the transcriptional selectivity of primary immune genes.
Multiple transcriptional feedback loops assure robust and sustainable immune responses
including production of ROS, ET, SA and DAMPs, and callose deposition. In addition, some
negative regulators of PTI responses are also transcriptionally up-regulated, which may
serve as a negative feedback regulation to keep immunity in check when pathogen threats
are reduced (Lu et al., 2011).

MAMP perception in general induces about one thousand genes within an hour after
treatment (Li et al., 2014b; Tintor et al., 2013; Zipfel et al., 2006). Apparently, the majority
of these rapidly induced genes are primary immune response genes, which are defined on
the basis of their ability to be transcriptionally induced in the absence of protein synthesis
(Smale, 2012). Many primary response genes encode transcription factors and signaling
molecules that further regulate secondary response genes. Different time courses of MAMP
treatments in combination with protein biosynthesis inhibitors, such as cycloheximide, will
help to differentiate primary and secondary immune response genes and provide insights
into defining the transcriptional cascade in plant PTI. We also lack knowledge about the
functions of MAMP-repressed genes. Some of these genes may function as negative
regulators in PTI signaling (Malinovsky et al., 2014). Unlike mammals, plants lack
specialized mobile immune cells. It is believed that every plant cell is capable of launching
an effective immune response (Spoel and Dong, 2012). However, plants have different types
of cells and organs, which may encounter distinct intensity and frequency of infections. For
example, different MAMPs elicit cell type-specific PTI responses, including transcriptional
changes, in the roots (Millet et al., 2010). It remains unknown whether different cell types in
leaves also possess unique sensitivity to pathogen signals. Apparently, there also could be
differences between the cells directly recognizing MAMPs and their neighboring cells. In
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addition, plant stomatal defense and apoplastic defense are integrated, but also genetically
separable (Zeng et al., 2011). We do not know much about transcriptional regulation in
guard cells. Although individual target genes have been identified for some transcription
factors, the genome-wide target genes of most transcription factors in plant PTI have not
been established. ChlP-seq analysis of specific transcription factors will provide further
insight into their direct target genes in plant PTI. In addition to transcriptional regulation,
posttranscriptional and epigenetic regulation, such as DNA methylation and RNA-based
regulation, have been established to play a role in plant immunity (Staiger et al., 2013;
Weiberg et al., 2014). We have considerable knowledge about posttranslational
modifications in plant immunity (Li et al., 2014a; Tena et al., 2011). However, we have
much to learn about the translational regulation of immune gene expression.
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Figure 1. Plant PTI signaling and outputs are regulated by transcription
Perception of different MAMPSs by the cognate PRRs controls various PTI responses via

transcriptional regulation. TF: transcription factor.
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Figure 2. Phosphorylation relays control nuclear transcription dynamics in plant PTI
Transcription of eukaryotic mRNA is controlled by the concerted action of RNAPII, general

transcription factors (GTFs), Mediator, gene-specific transcription factors (TFs) and other
transcription regulators, many of which are regulated by MAMP-activated MAPK cascades.
Perception of MAMPs activates two MAPK cascades: MEKK1/MTK-MKK4/MKK5-
MPK3/MPK6 and MEKK1-MKK1/MKK2-MPK4. MPK3/MPKG® directly phosphorylate
CDKCs, which in turn phosphorylate CTD of RNAPII. CTD phosphorylation is counter-
regulated by the CPL3 phosphatase. MAPKSs also phosphorylate individual TFs to regulate
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their activities or stability. For instance, MPK3/MPK®6 phosphorylate WRKY 33, ERF6/
ERF104 and BES1, whereas MPK4 phosphorylates ASR3 to control the expression of a
subset of MAMP responsive genes. In some cases, MPK3/MPKG6 directly phosphorylate
MVQs, which interact with different WRKYs. Individual Mediator subunits interact with
different pathway-specific TFs and contribute to the selectivity of immune gene activation. P
indicates phosphorylation modification.
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Figure 3. Transcriptional control of plant PTI signaling components and outputs
MAMPs, flg22 and elf18, are perceived by the cognate PRRs, FLS2 and EFR, and induce

PRR heterodimerization with co-receptor BAK1 family RLKSs to phosphorylate and activate
BIK1 family RLCKs. MAPKs and Ca2* signaling are two convergent points downstream of
multiple PRRs. MAPKSs can phosphorylate some WRKYs, which control the expression of
RBOHSs encoding NADPH oxidase for ROS production. MPK3/MPKG®6 control ET
production through stabilization of ACS2/ACS6 by phosphorylation and transcriptional
activation of ACSZ/ACS6 via phosphorylated WRKY33. WRKY 33 also regulates
expression of PROPEPsto amplify the danger signals via Pep-PEPR recognition. Perception
of ET by ETR1 activates the TF EIN3 via EIN2. EIN3 controls the expression of FLS2and
BIK1. ET is also important for the MAMP-induced expression of PROPEPs. MYB51
encodes a TF important for callose deposition via regulating genes for precursor 1GS
biosynthesis. Downstream of Ca?* signaling, several CaM-binding protein CBP60 family
members regulate MAMP-induced SA accumulation via binding to the SA biosynthetic gene
/CS1 promoter. Red lines and arrows indicate the transcriptional regulation of PTI
responses.
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