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Introduction

1. Introduction

1.1. Plant immunity

Plants, as photoautotrophic organisms, provide the nutritional basis for animals and most microbes.
Microorganisms can interact with plants in mutualistic relationships (e.g. mycorrhiza, rhizobia), which
are beneficial for both partners. In contrast, pathogenic microbes colonise plants to extract nutrients,
causing disease and reduction in fitness. Pathogens called biotrophs acquire nutrients from living host
cells, while necrotrophs kill the host cell and feed off dead or dying tissue. Hemi-biotrophic pathogens
initially invade living cells and switch to a necrotrophic life style during later stages of infection.
Plants evolved an immune system to ward off pathogens that in turn acquired mechanisms to evade
plant immunity in an ongoing evolutionary arms race (Jones and Dangl 2006). Unlike higher
vertebrates, plants lack an adaptive immune system with specialised immune cells and therefore rely
on innate immunity (Nurnberger et al. 2004). For optimal plant fitness, growth and defence need to
be adaptively balanced according to the current environmental situation. Immune responses are thus
tightly regulated by complex signaling networks to avoid for example excessive allocation of limited
ressources to defence pathways in absence of pathogens.

Plant diseases threaten global food security since they cause an estimated loss of 10 % in food
production (Oerke 2006). A detailed understanding of plant immune responses and the underlying
signaling networks is important to increase food security and to reduce the use of pesticides i.e. by

breeding of resistant plant varieties.

1.1.1 Pattern recognition

Preformed physical barriers, such as cuticular waxes and the cell wall, build the first line of defence
against invading pathogens. To detect potential pathogens that breached those preformed barriers,
plants employ pattern recognition receptors (PRR), which recognise microbe- or pathogen-associated
molecular patterns (MAMPs/PAMPs) and initiate MAMP- or PAMP-triggered immunity (MTI/PTI).
MAMPs are characteristic microbial molecules that are usually conserved and critical for pathogen
fitness (Macho and Zipfel 2014). Typical examples are chitin oligomers from fungal cell walls,
lipopolysaccharides (LPS) from Gram-negative bacteria and peptidoglycans (PGN) from Gram-positive
bacteria (Wan et al. 2008; Ranf et al. 2015; Gust et al. 2007). Well characterised proteinaceous MAMPs
include peptides derived from bacterial translation elongation factor EF-Tu (Kunze et al. 2004) or from

flagellin, which forms the filament of bacterial flagella (Zipfel et al. 2004). Besides MAMPs, which are
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non-self molecules, plants are able to detect plant-derived damage-associated molecular patterns
(DAMPs) that are released by cell disruption during pathogen or herbivore attack. Examples of DAMPs
are extracellular adenosine triphosphate (eATP) (Choi et al. 2014) or cell wall fragments called
oligogalacturonides (OGs) (Ferrari et al. 2013).

Presence of pathogens or wounding can additionally trigger production and secretion of small peptides
like plant elicitor peptides (PEPs) (Huffaker, Pearce, and Ryan 2006), rapid alkalinisation factors (RALFs)
(Stegmann et al. 2017) or PAMP-induced peptides (PIPs) (Hou et al. 2014). These peptides modulate
immune responses upon perception by PRRs and are referred to as phytocytokines because of

similarities to metazoan cytokines (Gust, Pruitt, and Nurnberger 2017).

MAMPs, DAMPs and phytocytokines are perceived by PRRs at the cell surface. PRRs include receptor-
like kinases (RLKs) and receptor-like proteins (RLPs). While both RLKs and RLPs are composed of a
ligand-binding ectodomain and a transmembrane domain, RLKs additionally possess an intracellular
kinase domain, which is lacking in RLPs. Due to lack of a kinase domain, RLPs rely on interaction with
the regulatory LRR-RLK SUPRESSOR OF BIR1-1 (SOBIR1) to form a bimolecular equivalent of a genuine
RLK (Liebrand et al. 2013; Couto and Zipfel 2016). PRRs can be grouped according to the identity of
their ectodomain. Proteins and peptides are typically bound by ectodomains containing leucine-rich
repeats (LRRs) (Chinchilla et al. 2006; Zipfel et al. 2006; Yamaguchi, Pearce, and Ryan 2006), while
lysine motifs (LysM) bind carbohydrate-containing ligands like chitin and PGN (Miya et al. 2007,
Willmann et al. 2011). Epidermal growth factor (EGF)-like ectodomains bind OGs (Brutus et al. 2010)
and lectin-type PRRs detect eATP and LPS (Choi et al. 2014; Ranf et al. 2015).

One of the best-studied plant PRRs is the flagellin receptor FLAGELLIN SENSING 2 (FLS2), an LRR-RLK
from Arabidopsis thaliana. It recognises a conserved 22 amino acid epitope of flagellin (flg22) with its
LRR ectodomain (Zipfel et al. 2004). Upon ligand binding, FLS2 heterodimerises with another RLK BRI1-
ASSOCIATED KINASE 1 (BAK1) that serves as a co-receptor for flg22 (Sun et al. 2013). In the absence of
flg22, both FLS2 and BAK1 are associated with the receptor-like cytoplasmatic kinase (RLCK) BOTRYTIS-
INDUCED KINASE 1 (BIK1). After flg22-perception, BIK1 is phosphorylated by BAK1 and in turn
phosphorylates FLS2 and BAK1 before it dissociates from the PRR-complex and triggers downstream
responses (Lu et al. 2010; Zhang et al. 2010).

Interestingly, the regulatory kinase BAK1 also associates with the brassinosteroid (BR) receptor BR-
INSENSITIVE 1 (BRI1) and thus provides a link to regulation of plant growth (Li et al. 2002). BAK1
interacts with additional PRRs, such as the EF-Tu receptor (EFR) recognising EF-Tu-derived peptides
elf18 and elf26, the PEP receptors (PEPRs) PEPR1 and PEPR2 (Tang et al. 2015), and several LRR-RLP-
SOBIR1 complexes e.g. RLP23-SOBIR1, which recognises the nlp20 fragment of microbial NECROSIS
AND ETHYLENE-INDUCING PEPTIDE 1-LIKE PROTEINS (NLPs) (Albert et al. 2015). BAK1 is required for

all these signalling pathways and its importance was further illustrated in a study investigating LRR-
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RLK interaction networks, where it was found to be the most interconnected LRR-RLK (Smakowska-
Luzan et al. 2018).

CHITIN ELICITOR RECEPTOR KINASE 1 (CERK1) seems to act as a regulatory RLK analogous to BAK1 in
case of LysM-domain PRRs. It forms a complex with the chitin receptor LysM-CONTAINING RLK 5 (LYK5)
and its homolog LYK4 during chitin perception in A. thaliana (Cao et al. 2014). Additionally, CERK1 is
recruited by two RLPs LysM-DOMAIN PROTEIN 1 (LYM1) and LYM3 that recognise PGN (Willmann et
al. 2011). Although chitin perception is independent of BAK1, BIK1 is activated, which thus constitutes
a converging point for different MAMP or phytocytokine signals including chitin, elf18, Pep1 and flg22.
On the other hand, the RLCK PBS1-LIKE KINASE 27 (PBL27) is specifically activated after chitin

perception (Shinya et al. 2014).

1.1.2. Early MTI responses

The most rapid responses that occur within minutes after MAMP-treatment are changes in ion flux at
the plasma membrane, an increase in intracellular Ca%* concentration, production of reactive oxygen
species (ROS) and activation of MITOGEN-ACTIVATED PROTEIN KINASES (MAPKs) and CALCIUM-
DEPENDENT PROTEIN KINASES (CDPKs or CPKs) (Fig. 1).

How activated PRRs trigger increase of intracellular Ca?* is not well understood and the identitiy of
main calcium channels involved remains elusive (Yuan et al. 2017). In case of PEPR1, Qi et al. (2010)
suggest that upon perception of PEPs, a guanylyl cyclase domain of PEPR1 produces cGMP, which
activates a cyclic nucleotide-gated ion channel (CNGC) triggering PEP-induced Ca** rise. Furthermore,
the RLCKs BIK1 and PBL1 are important for MAMP-induced Ca?* signalling (Ranf et al. 2014) indicating
a role as (possibly indirect) link between PRRs and Ca?*-channels.

Increased intracellular Ca?*-levels are sensed by Ca%*-binding proteins like calmodulins (CaMs),
CALCINEURIN B-LIKE PROTEINSs (CBLs) and CPKs (Seybold et al. 2014). Binding of Ca** by CaMs triggers
conformational changes that affect downstream responses. Some CaMs interact with transcription
factors (TFs) to regulate gene expression. CaM-BINDING PROTEIN 60g (CBP60g) and CaM-BINDING
TRANSCRIPTION ACTIVATOR 3 (CAMTA3) are examples of CaM-interacting TFs that are involved in
immunity (Wang et al. 2009; Zhang et al. 2014). CBLs interact with CBL-INTERACTING PROTEIN KINASES
(CIPKs) to build a bimolecular sensor/kinase pair. Binding of Ca®** by CBLs leads to activation of
interacting CIPKs. In contrast to CBL/CIPKs, CPKs combine Ca%-sensing and kinase activity in one
protein. CPK4, CPK5, CPK6 and CPK11 are positive regulators of flg22 signalling (Boudsocq et al. 2010),
important for defence gene activation and phosphorylate WRKY TFs (Gao et al. 2013).

CPKs and CBL/CIPKs connect Ca?*-signalling with ROS production by targeting the two NADPH oxidases
RESPIRATORY BURST OXIDASE HOMOLOG D & F (RBOHD, RBOHF), which are responsible for ROS
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generation during MTI. While a module of CBL1, CBL9 and CIPK26 enhances activity of RBOHF (Drerup
et al. 2013), RBOHD is positively regulated by CPK5 (Dubiella et al. 2013). RBOHD is furthermore
phosphorylated by BIK1 and PBL1, which is crucial for full MAMP-induced ROS production (Li, Li, et al.
2014; Kadota et al. 2014). Thus, RLCKs provide a direct link between PRR activation and ROS
generation. ROS serve as antimicrobial agents and signalling molecules that are involved in cell-to-cell
signal propagation and stomatal closure (Qi et al. 2017).

MAPKs are typically activated in a hierarchical manner with a MAPK kinase kinase (MAPKKK) activating
MAPK kinase (MAPKK), which in turn activates MAPKs. MAPKs phosphorylate target proteins thus
modulating properties like enzymatic activity, stability, localisation or interaction with other

molecules. MAPK cascades and their function in immunity are described in detail in chapter 1.2.

1.1.3. Late MTI responses

Following the described early MTI signalling events, activated MAPKs, CPKs, CIPKs and CaMs relay
signals from the plasma membrane to the cytoplasm and nucleus thereby triggering transcriptional
changes and the production of other signalling molecules e.g. hormones. Ethylene (ET), salicylic acid
(SA) and jasmonates (JA) are the major phytohormones regulating plant immunity and their
biosynthesis is induced by MAMPs within hours (Yu et al. 2017). In general, ET and JA play an important
role in defence responses against necrotrophs, while SA is involved in defence against biotrophs and
hemi-biotrophs by promoting cell death (Glazebrook 2005). SA is furthermore essential in establishing
systemic acquired resistance (SAR) to subsequent infections. However, the signalling networks of the
three hormones are strongly interconnected and collectively contribute to MTI (Hillmer et al. 2017).
MAMP treatment leads to massive transcriptional reprogramming (Denoux et al. 2008). While
expression of defence-related genes is induced, photosynthesis-related genes are suppressed probably
to favour defence over growth (Lewis et al. 2015). More details on transcriptional regulation of
immunity are given in chapters 1.2 and 1.3.

Transcriptional changes during MTI ultimately translate into physiological responses, which prevent
pathogen entry or growth. Examples are the closure of stomata, deposition of callose as well as
production and secretion of antimicrobial compounds. Of note, transcripts of many components of
MTI-signalling like FLS2, EFR, BIK1, RBOHD, MAPKs and PROPEPs (precursors of PEPs) are induced upon
MAMP-treatment, hence providing positive transcriptional feedback that ensures sustained immune

responses (Li et al. 2016).
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1.1.4 Pathogen effectors and effector-triggered immunity (ETI)

During co-evolution with plants, adapted plant pathogens evolved effectors (either small molecules or
proteins) to interfere with MTI or host metabolism and successfully establish host infection (Bozkurt
et al. 2012). Bacteria secrete effectors into the host cell via a type-Ill secretion system. How effectors
of filamentous pathogens like fungi and oomycetes are translocated into host cells is not well
understood but seems to require vesicular transport (Lo Presti and Kahmann 2017). Virtually all key
components of MTI are targeted by effectors. For example, the Pseudomonas syringae effector AvrPto
is a kinase inhibitor that targets kinase domains of FLS2, BAK1, EFR and CERK1 to prevent MAMP-
signalling (Xiang et al. 2008). Further downstream, the RLCK BIK1 is a target of P. syringae AvrPphB and
the Xanthomonas campestris effector AvrAC, which interfere with BIK1 function by cleavage (AvrPphB)
or uridylation (AvrAC) (Su, Spears, et al. 2018). MAPK cascades are additional important targets of
several effectors. PexRD2, an effector from the oomycete Phytophthora infestans, interacts with
MAPKKKe from Nicotiana benthamiana to prevent activation of downstream MAPKs and cell death
response (King et al. 2014), while P. syringae HopAl1l, a phosphothreonine lyase, inactivates MPK3,
MPK4 and MPK6 in A. thaliana (Zhang et al. 2007). AvrRpt2, a cysteine protease from P. syringae,
specifically suppresses activation of MPK4 and MPK11 (Eschen-Lippold et al. 2016). Some effectors
interfere with MTI on multiple levels like HopF2 from P. syringae, which targets BAK1, BIK1, MKK5 and
RPM-INTERACTING PROTEIN 4 (RIN4) (Zhou et al. 2014). RIN4 is involved in the regulation of proton
pumps and stomatal opening (Lee et al. 2015). Its importance as a key component of plant immunity
is illustrated by the fact that RIN4 is targeted by several P. syringae effectors, including AvrB, AvrRpm1,
AvrRpt2, HopF2, AvrPto, and AvrPtoB (Deslandes and Rivas 2012).

To counter effector-triggered susceptibility plants deploy intracellular receptors to detect the activity
of pathogen effectors. These receptors are nucleotide binding site (NBS)-LRR containing proteins
(NLRs), which, once activated, induce effector-triggered immunity (ETI). The prominent effector target
RIN4 for example is guarded by RESISTANCE TO Pseudomonas syringe pv. maculicola 1 (RPM1), which
detects phosphorylation of RIN4 caused by AvrRpm1 or AvrB (Liu et al. 2011). RESISTANT TO
P.syringae 2 (RPS2) is another NLR activated by AvrRpt2-mediated cleavage of RIN4 (Day et al. 2005).
RPS5 recognises activity of AvrPphB by guarding AVRPPHB SUSCEPTIBLE 1 (PBS1), a close homolog of
BIK1. Interestingly, PBS1 has no detectable function in MTI, but rather represents a decoy to detect
AvrPphB activity (Qi et al. 2014). Recently, it became evident that a number of NLRs contain integrated
domains (NLR-IDs), which resemble effector targets. These domains serve as “integrated decoys” and
enable the NLR to directly detect effector activities. Of note, NLRs with an integrated RIN4-domain are
present in barley, rice and apple (Sarris et al. 2016). Analysis of NLR-IDs will probably facilitate the

discovery of previously unknown effector targets in the future.
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MTI and ETI share signalling components including Ca**, ROS and MAPKs and distinction between MTI
and ETI can be nebulous (Thomma, Nurnberger, and Joosten 2011). However, during ETI, MAPK
activation is typically prolonged compared to MTl and ROS burst originates mainly from the chloroplast
(Su, Yang, et al. 2018). ENHANCED DISEASE RESISTANCE 1 (EDS1) and PHYTOALEXIN-DEFICIENT 4
(PAD4) constitute a signalling hub, which activates SA-signalling and cell death and is employed by a

subclass of NLRs containing a TIR-domain.

1.2. MAPK cascades

MAPK cascades are conserved eukaryotic signalling modules that translate external stimuli into
intracellular responses. Typically sequential phosphorylation events involving MAPKKKs and MAPKK
lead to the activation of MAPKs by phosphorylation of their T(E/D)Y activation motifs. Activated MAPKs
phosphorylate serine-proline (SP) or threonine-proline (TP) phosphorylation sites in target proteins.
The A. thaliana genome encodes 12 MEKK-type MAPKKKs, 10 MAPKKs and 20 MAPKs that are engaged
in different MAPKKK/MAPKK modules depending on the signalling context. In addition to the MEKK-
type MAPKKKs, 48 RAF-related kinases exist in A. thaliana, but so far evidence is lacking for these
kinases to be bona fide MAPKKKs (Group 2002).

MAPK cascades are involved in regulation of plant immunity, development (Xu and Zhang 2015) and
responses to abiotic stress. The latter is showcased by the identification of a cascade comprised of
MAPKKK17/18, MKK3 and MPK1/2/7/14, which regulates stress signalling in response to abscisic acid
(ABA) (Danquah et al. 2015). Notably, completely different stimuli can result in activation of the same
MAPKs. For instance, a module comprised of the MAPKKK YODA, MKK4/5 and MPK3/6 regulates
different developmental aspects like inflorescence architecture, embryonic cell differentiation and
patterning of stomata as well as immune responses (Bergmann, Lukowitz, and Somerville 2004;
Sopena-Torres et al. 2018). The same MKK4/5-MPK3/6 module under control of different MAPKKKs
(MAPKKK3/5) is critical in plant immunity as well (Sun et al. 2018). In the context of cold stress, the
MKK4/5-MPK3/6 module is involved in phosphorylation of the transcriptional regulator ICE1 to
mediate its degradation and attenuate expression of cold-responsive genes (Li et al. 2017). Specificity
of MAPK signalling is ensured by spatiotemporal expression of up-stream signalling components (e.g.
RLKs) and MAPK-targets (Xu and Zhang 2015). Activated MAPK can be inactivated by phosphatases to

regulate magnitude and duration of MAPK signalling (Anderson et al. 2011).
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1.2.1. MAMP-induced MAPKs

MAMP perception activates two distinct MAPK kinase cascades comprising MEKK1, MKK1/2, MPK4
and MKK4/5, MPK3/6 respectively as summarised in Fig. 1 (Asai et al. 2002; Qiu, Zhou, et al. 2008).
Additionally, the MPK4 homolog MPK11 was found to be activated by flg22 treatment (Bethke et al.
2012).

Just recently, MAPKKK3/5 were identified to be the upstream MAPKKKs of MPK3/6 in response to
multiple MAMP stimuli including flg22, elf18 and chitin as well as the phytocytokine Pep2 (Bi et al.
2018). In the same study the authors reported MAPKKK5 to be phosphorylated by MPK6 in order to
increase MPK3/6 activation in a positive feedback loop. In an analogous manner MPK4 phosphorylates
MEKK1 to increase its own activation (Bi et al. 2018).

RLCKs from subfamily VII were suspected to be the missing link between PRRs and MAPKKK activation,
since effectors that target these components prevent MAPK activation (Feng et al. 2012). But probably
due to redundant functions of the 46 members, mutant analyses mostly failed to pinpoint specific
RCLKs required for MAMP-mediated MAPK activation. However, BIK1 and PBL1 are important for Pep-
induced MAPK activation (Yamada, Yamashita-Yamada, et al. 2016). PBL27 was shown to specifically
connect the chitin receptors with MAPKKKS5 (Yamada, Yamaguchi, et al. 2016), while opposed to these
findings Rao et al. (2018) found that chitin-mediated MAPK activation was not altered in the pbl27
mutant or mutants of related RLCKs but rather abolished by deletion of six members of RLCK VII
subgroup 4.

While MPK3/6 are regulating immunity in a mainly positive manner, MPK4 was historically described
as a negative regulator of immunity because of constitutive immune responses in the mekk1, mkk1/2
and mpk4 mutants that result in a dwarfed phenotype. This view was challenged by the discovery of
SUMM?2, an NLR that guards the MPK4 cascade. SUMM?2 associates with two MPK4 substrates: the
RLCK CRCK3 and PAT1, a component of the RNA decapping machinery. Phosphorylation of these
substrates by MPK4 inactivates SUMMZ2. If PAT1 or CRCK3 are not phosphorylated due to mutations
or effector activity, an ETl response is induced (Roux et al. 2015; Zhang et al. 2017). Surveillance of the

MPK4 cascade by an NLR strongly suggests that MPK4 activity is important for immune responses.
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Fig. 1  Scheme of flg22-triggered responses: The bacterial MAMP flg22 is recognised by FLAGELLIN SENSING 2
(FLS2), which recruits the co-receptor BRI1-ASSOCIATED KINASE 1 (BAK1). The RECEPTOR-LIKE CYTOPLASMATIC
KINASE (RLCK) BOTRYTIS-INDUCED KINASE 1 (BIK1) is phosphorylated by BAK1 leading to several
transphosphorylation events at the receptor complex. MAMP elicitation triggers influx of Ca%* and reactive
oxygen species (ROS) production by RESPIRATORY BURST OXIDASE HOMOLOG D (RBOHD). Calcium signals are
decoded by Ca?*-sensors such as CALCIUM-DEPENDENT PROTEIN KINASES (CDPKs/CPKs). CPK5 phosphorylates
RBOHD to promote ROS-production and WRKY transcription factors to modulate transcription. RBOHD activity is
additionally regulated by BIK1 phosphorylation. A nuclear fraction of BIK1 is able to phosphorylate WRKYs. Other
RLCKs from group VII are activated by the receptor complex to trigger activation of two MITOGEN-ACTIVATED
PROTEIN KINASE (MAPK) cascades resulting in the activation of MPK4, MPK11 on the one hand and MPK3, MPK6
on the other hand. MAPKs increase activity of their upstream MAPKKK by phosphorylation in a positive feedback
loop. Active MAPKs modulate transcription of defence genes by phosphorylation of transcription factors as
emphasised here in case of MPK3/6 and WRKYs. Furthermore, they seem to be involved in regulation of RNA
stability and translation. MPK3/6 promote ethylene (ET) biosynthesis and phosphorylate a subgroup of proteins
containing a VQ-motif termed MPK3/6-TARGETED VQ-PROTEINs (MVQs) (see 1.4.2). P indicates phosphorylation
events. Dashed lines indicate functional interactions that might be indirect. MKS1 - MAPK SUBSTRATE 1; ERF -
ETHYLENE RESPONSIVE ELEMENT BINDING FACTOR; ASR3 - ARABIDOPSIS SHA4-RELATED 3; ACS2/6 - ACC-
SYNTHASE; CDKC - CYCLIN-DEPENDENT KINASE C; TZF9 - TANDEM ZINC FINGER PROTEIN 9

1.2.2. MAPK targets involved in immunity

The output of MAPK signalling is defined by the MAPK target proteins and how phosphorylation affects
their properties. MPK4 and MPK11 phosphorylate ETHYLENE RESPONSIVE ELEMENT BINDING
FACTOR 8 (ERF8), to reduce ERF8 turnover and positively regulate immunity, since higher ERF8 levels
lead to enhanced resistance against bacteria (Cao et al. 2018). At the same time MPK4 also negatively
regulates immunity by targeting the trihelix TF ARABIDOPSIS SH4-RELATED 3 (ASR3). ASR3 suppresses
most flg22-induced genes and phosphorylation by MPK4 enhances its DNA-binding affinity (Li et al.
2015). The aforementioned MPK4 substrate PAT1 is involved in mRNA decay, but how phosphorylation
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by MPK4 affects its function is not clear (Roux et al. 2015). Another target of MPK4 is MAPK
SUBSTRATE 1 (MKS1), which harbours a VQ-motif and interacts with WRKY33 (Andreasson et al. 2005).
Upon phosphorylation of MKS1, the WRKY33-MKS1 module is released from a ternary complex with
MPK4 and subsequently activates the PAD3 promoter to induce biosynthesis of camalexin, which is
the main phytoalexin of A. thaliana (Qiu, Fiil, et al. 2008). Resistance to P. syringae and
Hyaloperonospora arabidopsidis is reduced in mks1 mutants, while MKS1 overexpression lines are
more susceptible to the necrotrophic fungus Botrytis cinerea (Petersen et al. 2010). This suggests
opposing roles of MKS1 as a positive regulator of defence against biotrophs and a negative regulator
of resistance to necrotrophic pathogens.

Interestingly, WRKY33, a key transcriptional regulator of camalexin biosynthesis, is a substrate of
MPK3/6. Its phosphorylation by MPK3/6 is required for induction of camalexin biosynthesis in response
to B. cinerea (Mao et al. 2011). The induction of biosynthesis of antimicrobial compounds seems to be
an important function of MPK3/6 since camalexin, indole glucosinolates (IGS) and agmatine
accumulate in plants displaying sustained MPK3/6 activation caused by expression of a constitutively
active MKKS5 variant (Lassowskat et al. 2014). In this context Xu et al. (2016) demonstrated that the
MPK3/6 target ERF6 is involved in reprogramming of IGS biosynthesis. Another ERF (ERF104) interacts
specifically with MPK6 and is released upon flg22 treatment to promote expression of defensins
(Bethke et al. 2009). MPK3/6 also activate defence gene expression by phosphorylating cyclin-
dependent kinase C (CDKCs) (Li, Cheng, et al. 2014). Activated CDKCs in turn phosphorylate the C-
terminal domain (CTD) of an RNA polymerase Il (RNAPII) subunit. The phosphorylation pattern at the
CTD of RNAPII regulates recruitment of gene-specific TFs and thereby orchestrates defence gene
transcription (Li, Cheng, et al. 2014). MPK3 regulates chromatin remodelling in response to flg22 by
targeting the histone deacetylase HD2B, which is important for immunity (Latrasse et al. 2017).
Besides their role in transcriptional reprogramming, MPK3/6 directly control ET biosynthesis by
phosphorylating two isoforms of ACC-synthase (ACS), the rate-limiting enzyme in ET biosynthesis.
Phosphorylation increases stability of ACS2 and ACS6 leading to enhanced ET production that
promotes expression of ET-responsive defence genes (Han et al. 2010).

Identification of TANDEM ZINC FINGER 9 (TZF9) as substrate of MPK3/6 suggests, that MPKs might also
be involved in post-transcriptional regulation. TZF9 binds RNA and is located in processing-bodies
which are cytoplasmic protein complexes responsible for mRNA decay or translational arrest
(Maldonado-Bonilla et al. 2014). Phosphorylation reduces TZF9 stability, but its role in post-

transcriptional control needs to be further investigated.
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1.3. WRKY transcription factors

WRKY transcription factors constitute one of the largest families of transcriptional regulators in plants

(Rushton et al. 2010) with 74 members in A. thaliana.

1.3.1 The WRKY domain

Determining feature of all WRKYs is the WRKY domain - a conserved DNA-binding domain consisting
of about 60 amino acids harbouring a WRKYGQK heptapeptide in the N-Terminus and a C-terminal
zinc-finger structure (Eulgem et al. 2000).

Crystal structure analysis revealed that the WRKY domain forms a five stranded anti-parallel B-sheet,
which partially enters into the major groove of target DNA (Yamasaki et al. 2012; Duan et al. 2007).
While the WRKYGQK heptapeptide is directly involved in sequence-specific binding of the W-box
(TTGACC/T) in promoters of target genes, the zinc-finger stabilises the tertiary structure crucial for
DNA-binding activity (Maeo et al. 2001).

WRKYs are divided into three major groups according to the number of WRKY-domains and the type
of zinc finger motif (Eulgem et al. 2000). Group | comprises members with two WRKY domains of a
C,H,-type zinc finger, group Il WRKYs possess a single WRKY domain with a C;H,-motif, whereas group
[ll contains proteins with a single C;HC-type WRKY domain. Group Il can be further divided into five
subgroups lla-e. Recent phylogenetic analyses proposed regrouping of WRKYs into four WRKY lineages:
groups | + lIc, groups lla + llb, groups Ild + lle and group Il (Rinerson et al. 2015).

Although WRKYs underwent a lineage-specific expansion in green plants, members can also be found
in diplomonads, amoebae and ancient fungi. Several lines of evidence suggest that these non-plant

WRKYs were acquired through lateral gene transfer (Rinerson et al. 2015).

1.3.2 WRKY function and regulation

When bound to their target sequence, WRKYs can activate or repress transcription. Some WRKYs
display both functions depending on the promoter context (Miao et al. 2004). They control a broad
range of processes including responses to abiotic stress (Wang et al. 2014) as well as development of
seeds (Wang et al. 2010), pollen (Guan et al. 2014) and trichomes (Pesch et al. 2014), senescence (Chen
et al. 2017) and the biosynthesis of secondary metabolites (Schluttenhofer and Yuan 2015).

Importantly, some WRKYs play a major role in plant immune responses (Pandey and Somssich 2009;

Asai et al. 2002) and expression of 49 out of 72 tested members was responsive to SA-treatment or P.
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syringae infection (Dong, Chen, and Chen 2003). The relevance of WRKYs in plant immunity is further
illustrated by the fact that they are targeted by the bacterial effector PopP2, which interferes with
DNA-binding by acetylation of the WRKY domain (Le Roux et al. 2015). RESISTANCE TO RALSTONIA
SOLANACEARUM 1 (RRS1), an NLR with an integrated decoy WRKY domain, detects PopP2 activity and
triggers ETI (Sarris et al. 2015).

The enormous functional diversity of WRKYs, although most WRKYs are binding to the W-box, raises
the question of how specificity of WRKYs towards their target promoters is achieved. To some extent
the nucleotides adjacent to the core TTGACC/T influence the DNA-binding affinity as demonstrated by
Ciolkowski et al. (2008). In addition, variants of the canonical WRKYGQK sequence e.g. WRKYGKK in
AtWRKY50 display altered DNA-binding specificities (Brand et al. 2013; Hussain et al. 2018).
Interestingly, W-boxes are statistically enriched in WRKY promoters and binding of WRKYs to their own
promoter or those of other family members has been reported (Hsu et al. 2013; Birkenbihl, Kracher,
and Somssich 2017). This suggests that WRKYs act within a complex network of auto- and cross-
regulation.

A study on parsley (Petroselinum crispum) PcWRKY1, the orthologue of AtWRKY33, indicates that W-
boxes in promoters of PcCWRKY1 and PcPATHOGENESIS-RELATED GENE 1 (PR1) are constitutively
occupied by WRKY repressors (Turck, Zhou, and Somssich 2004). In response to MAMP treatment
PcWRKY1 transiently binds to its own and the PRI promoter thus probably replacing pre-bound
WRKYs. This mechanism was further corroborated by chromatin immunoprecipitation followed by
DNA sequencing (ChlIP-seq) in A. thaliana (Birkenbihl et al. 2018). Flg22-inducible WRKY18, WRKY33
and WRKY40 bind to their own promoters and those of other flg22-inducible WRKYs specifically after
flg22 treatment, while in absence of a stimulus these promoters are occupied by other constitutively

expressed WRKYs.

The transcriptional activity of WRKYs is regulated by protein-protein interactions. WRKY-WRKY-
interactions, which seem to be restricted to group lla, llb, lld and group Ill WRKYs (Chi et al. 2013),
were shown to have antagonistic or cooperative effects on DNA binding. For example, AtWRKY60
enhances binding of AtWRKY18 to a DNA probe, while it reduces the DNA-binding activity of WRKY40
(Xu et al. 2006).

Besides homo- and heterodimerisation, WRKYSs also interact with other proteins. In a screen for MAPK-
targets, Popescu et al. (2009) identified a number of WRKYs to be phosphorylated by different
MAPKK/MAPK modules. The role of the MAPK substrate WRKY33 in plant immunity was already
mentioned in 1.2.2. The homolog of WRKY33 in N. benthamiana is NbWRKY8, which is together with
closely related WRKYs activated by the MAPK3/6 homologs SA-INDUCED PROTEIN KINASE (SIPK) and
WOUND-INDUCED PROTEIN KINASE (WIPK) (Adachi et al. 2015). Phosphorylation of these WRKYs

11
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stimulates expression of the RBOHD ortholog NtRBOHB and is required for ROS-burst during ETI
triggered by the P. infestans effector Avr3a and elicitin INF1-mediated MTI.

A new signalling route in which WRKY33, WRKY50 and WRKY57 are phosphorylated by a nuclear
fraction of BIK1 to repress JA and SA production was recently uncovered (Lal et al. 2018). Upon elf18-
perception BIK1 is phosphorylated, which in turn inhibits its phosphorylation activity towards the
WRKYs and triggers JA and SA signalling. Furthermore, proteins containing a VQ-motif (VQs) emerge
as interactors of WRKYs from group | and llc (Cheng et al. 2012; Pecher et al. 2014). A detailed account

on these proteins and their functions will be given in the following chapter.

1.4. VQ-motif containing proteins

A short VQ-motif is the hallmark of VQ proteins and its core sequence FhxxVQxhTG, where x represents
any residue and h represents hydrophobic residues, is conserved in A. thaliana (Fig. 2) and other plant
species (Pecher et al. 2014; Dong et al. 2018). VQs are found in all land plants including mosses and
liverworts and the A. thaliana genome encodes 34 members. VQs were thought to be plant-specific
until a recent study reported putative VQs in nematodes, fungi and bacteria (Jiang, Sevugan, and
Ramachandran 2018). However, most of these non-plant VQs contained only partial VQ-motifs and

their function in these organisms remains elusive.
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Fig. 2 Consensus VQ-motif: The 18 amino acid VQ-motif of all 34 VQs from Arabidopsis thaliana as graphical
representation (http://weblogo.berkeley.edu) (Crooks et al. 2004). Overall stack height indicates sequence
conservation at a given position and height of symbols indicates relative frequency of amino acids.

1.4.1. VQs are transcriptional co-regulators

Over the last decade, VQs have been reported to regulate plant growth and development (Lei et al.
2017; Li, Jing, et al. 2014), responses to abiotic stress (Ye et al. 2016) and defence responses against
pathogens (Lai et al. 2011) and herbivores (Hu, Zhou, et al. 2013). VQs are transcriptional co-regulators
since all VQs, which were analysed in detail so far, interact with TFs to modulate downstream
responses. Direct binding of DNA by VQs has not been reported yet. The most prevalent VQ interaction

partners are WRKYs with at least 20 of the 34 A. thaliana VQs being experimentally proven WRKY
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interactors. All WRKYs for which interaction with VQs was demonstrated belong to the
phylogenetically closely related groups | and llc.

VQs can act as co-repressors like VQ20, which together with its WRKY partners WRKY2 and WRKY34
represses expression of three MYB TFs to control pollen development (Lei et al. 2017; Lei, Ma, and Yu
2018). Similarly, JASMONATE-ASSOCIATED VQ MOTIF 1 (JAV1) also named VQ22 is part of a repressor
complex including JASMONATE-ZIM-DOMAIN PROTEIN 8 (JAZ8) and WRKY51 that negatively regulates
biosynthesis of JA (Yan et al. 2018). Upon herbivore attack, Ca?* activates CaM-dependent
phosphorylation of JAV1 leading to disintegration of the repressor complex and activation of JA
biosynthesis.

In contrast, SIB1 (VQ23) and SIB2 (VQ16) interact with WRKY33 and stimulate its DNA-binding activity
(Lai et al. 2011). sib1 and sib2 mutants are more susceptible to B. cinerea infection, while SIB1
overexpression plants are more resistant in a WRKY33-dependent manner. In other cases, VQs
antagonise the activity of their interacting WRKY. For example, banana (Musa acuminata) MaWRKY26
activates JA biosynthesis genes to mediate cold stress tolerance in banana fruits and interaction with

MaVQ5 interferes with this activity (Ye et al. 2016).

Interaction between VQs and WRKYs requires the VQ-motif. Deletion of the whole motif or
replacement of valine and glutamine with aspartate and leucine (VQ to DL) abolishes VQ-WRKY
interactions (Pecher et al. 2014; Cheng et al. 2012). Group llc WRKYs and the C-terminal WRKY domain
of group | WRKYs contain conserved aspartate residues in close proximity to the WRKYGQK
heptapeptide, which are probably required for interaction with VQs (Cheng et al. 2012).

Apart from WRKYs, some VQs were reported to interact with other TFs. VQ29 is an interactor and co-
activator of PHYTOCHROME-INTERACTING FACTOR 1 (PIF1), a member of the BASIC HELIX-LOOP-HELIX
(bHLH) family (Li, Jing, et al. 2014). Both VQ29 and PIF1 positively regulate cell elongation in order to
repress seedling de-etiolation. VQ29-PIF1 interaction is not affected by mutation of the VQ-motif,
suggesting existence of a different interaction domain. Another example is the BASIC LEUCINE ZIPPER
(bZIP) ABA-INSENSITIVE 5 (ABI5), which is a central TF mediating ABA signalling. During seed
germination, VQ18 and VQ26 interact with ABI5 to interfere with its transcriptional activity and render
germinating seedlings less responsive to ABA (Pan et al. 2018).

Furthermore, VQ12 and VQ29, which are negative regulators of resistance against B. cinerea, were
demonstrated to form homo- and heterodimers (Wang, Hu, et al. 2015). The C-terminus but not the
VQ-motif is required for these interactions, but the molecular mechanism of VQ12/29 function and

the relevance of dimerisation remains to be determined.
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1.4.2. MPK3/6-targeted VQs (MVQs)

The first evidence of a link between VQs and MAPK signalling was established by (Andreasson et al.
2005) who identified MKS1 (VQ21) as a substrate of MPK4 (see 1.2.2).

A yeast two-hybrid (Y2H) screen with MPK3 or MPK6 as bait identified VQ4, VQ32 and VQ33 as
potential interactors that were subsequently confirmed by bimolecular fluorescence complementation
in protoplasts (Pecher et al. 2014). These results prompted Pecher et al. (2014) to systematically screen
32 of the 34 A. thaliana VQs in an in vitro kinase assay for phosphorylation by activated MPK3 and
MPK6. Ten VQs were found to be phosphorylated by both kinases and renamed MPK3/6-TARGETED
VQ PROTEINs (MVQs). Two independent phosphoproteomic studies used transgenic plants with
constitutively active PcMKK5®P (or NtMEK2PP respectively) under control of an inducible promoter to
activate MPK3/6 and identify potential targets (Hoehenwarter et al. 2013; Lassowskat et al. 2014).
MVQ1 (VQ) was isolated in both screens, which further underpins its role as a MPK3/6 target.

An extensive Y2H-screen of all MVQs against 59 WRKYs revealed interactions of almost all MVQs with
group | and llc WRKYs (Pecher et al. 2014). MVQ-WRKY interactions depend on an intact VQ-motif,
since DL mutants are not able to interact (Fig. 3). MVQS8 did not interact with any tested WRKY and
MVQ9 could not be interpreted due to auto-activation in the Y2H. A previous study however reported
that MVQQ9 (IKU1) interacts with WRKY10 (MINI3) to positively regulate endosperm growth and seed
size (Wang et al. 2010). Another MVQ whose function has been studied is MVQ10 (VQ9). MVQ10
antagonises the positive role of WRKY8 during salt stress responses through interaction with WRKY8

and interference with its DNA-binding activity (Hu, Chen, et al. 2013).

WRKY
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Fig. 3  Yeast two-hybrid (Y2H) analysis of MVQ-WRKY interactions: Data and image taken from Pecher et al.
(2014). MVQs (upper table) or variants with a VQ to DL mutation in the VQ-motif (lower table) were screened
for interaction with WRKYs in a Y2H analysis. MVQs (except MVQS8) specifically interact with WRKYs from group
I and lic as indicated by growth of yeast cells in selection medium (-His/-Ade). Last lanes represent empty vector
controls pDest22/32 respectively. MVQ9, MVQ7° and MVQ9™ displayed considerable auto-activation,
hindering assessment of interaction with WRKYs in these cases.
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Evidence for in vivo phosphorylation of MVQs after MAMP-treatment was provided by transient
expression experiments in protoplast (Pecher et al. 2014). Upon flg22 treatment of protoplasts
expressing MVQs, gel mobility shifts were observed for MVQ1-6 and MVQ10 in immunoblot analysis.
Inhibition of the mobility shifts by phosphatase treatment demonstrates in vivo phosphorylation of
these proteins. Furthermore, protein abundance of some MVQs is decreased in flg22-treated
protoplast. In case of MVQ1, blocking of de novo protein synthesis with cycloheximide unravelled
degradation upon MAMP-treatment, which is abolished by mutation of all MVQ1 phosphorylation
sites. Promoter activity assays employing the promoter of the defence marker gene NDR1/HIN1-
LIKE 10 (NHL10) fused to a luciferase reporter gene suggest, that MVQ1 is able to suppress MAMP-
induced pNHL10 activity. A role of MVQ1 in negative regulation of plant immunity is further supported
by MVQ1 overexpression (OE) lines displaying impaired MAMP-induced resistance against P. syringae
(Pecher et al. 2014).
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1.5. Aim of the present work

Plant VQs are transcriptional co-regulators that interact with TFs to modulate gene expression. A group
of VQs termed MVQs are targeted by MAMP-activated MAPKs MPK3/6, possibly to regulate MVQ
protein abundance. Most MVQs interact with WRKY TFs in a VQ-motif-dependent manner and first
lines of evidence implicate MVQ1 in transcriptional regulation of MTI responses.

The mode of action, however, is poorly understood and MVQ]1 target genes are not identified yet.

This work aims to provide insights into the role of MVQs in transcriptional reprogramming upon MAMP
perception. The objective is to investigate all ten MVQs with respect to subcellular localisation and the
ability to modulate gene expression driven by defence gene promoters, which is followed by a detailed
analysis of MVQ1.

A major challenge in understanding MVQ1 function is the identification of genes and pathways that
are controlled by MVQ1, which is addressed using a transcriptomics approach in the present work.
Furthermore, this work intends to shed light on the molecular mechanisms underlying transcriptional
co-regulation by analysing the potential influence of MVQ1 on WRKY-DNA interactions.

In doing so, we ultimately aim to obtain insights into the importance of MVQ1 in plant immunity and
potentially pave the road for plant breeders to use this knowledge to create plants with elevated stress

resistance.
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2. Materials and methods

2.1. Materials

2.1.1. Chemicals

Chemicals were acquired from Carl Roth, SIGMA Aldrich, Merck, or Applichem GmbH if not specified
otherwise. Primers were obtained from Eurofins Genomics. The enzymes cellulase R10 and
macerozyme R10 were acquired from Yakult Pharmaceuticals.

Flg22 and elf18 were synthesized in house by Petra Majovsky using an EPS221 peptide synthesiser
(Abimed).

2.1.2. Media

Lysogeny broth (LB) medium (Luria/Miller):

10 g/l tryptone; 5 g/l yeast extract; 5 g/l NaCl. 15 g/l agar-agar were added for solid LB medium

1x Murashige and Skoog (MS) medium:

4,4 g/1 MS salts including vitamins (Duchefa); 5 g/l sucrose; 0,5 g/| MES; pH adjusted to 5,6 with KOH.

2.1.3. Bacteria

The Escherichia coli strain DH5a (Thermo) was used for molecular cloning. For expression of proteins
the E. coli strains BL21 (DE3) RIL (Agilent) or KRX (Promega) were used except for full-length WRKY33
which was expressed in BL21 DE3 magic (kindly provided by Dr. Michal Sikorski, Institute of Bioorganic
Chemistry, Poznan, Poland). All strains were grown in LB-medium at 37°C if not indicated otherwise.
Agrobacterium tumefaciens strain GV3101 was used for Agrobacterium-mediated transformation of
A. thaliana and grown in LB-medium at 28°C.

Antibiotics were used in the following concentrations: Ampicillin (100 pg/ml), Chloramphenicol
(25 pg/ml), Gentamycin (10 pg/ml), Kanamycin (50 pg/ml), Rifampicin (80 pug/ml), Spectinomycin
(50 pg/ml), Tetracycline (10 pg/ml)
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2.1.4. Plant material and growth conditions

For all experiments Arabidopsis thaliana ecotype Columbia-0 (Col-0) or mutants in Col-0 background
were used. Seeds of the mvgl mutant (SALK _107266) were obtained from NASC. MVvVQl
overexpression lines were generated by Agrobacterium-mediated transformation (as described in
2.2.6). Plants were grown on soil in phytochambers and phytocabinets under short day conditions (8 h
light/16 h dark) at 22°C. For chromatin immunoprecipitation (ChIP) experiments seedlings were grown
in sterile conditions. Seeds were surface sterilized with ethanol and subsequently grown in 1x MS

medium supplemented with 0.5% sucrose and 0.1% claforan.

2.2. Methods

2.2.1 Molecular cloning

The Gateway system (Invitrogen) was employed for all cloning procedures. pENTR/D-TOPO and
pDonr221 entry clones of MVQ1-10, MVQ1-10° and MVQ1°™ (generated by Dr. Pascal Pecher, Lee
lab, IPB Halle), WRKYs (provided by Prof. Imre Somssich, MPIZ, Cologne) and different WRKY DBDs
(provided by Dr. Luise Brand, ZMBP Tiibingen (Brand et al. 2013)) were cloned into respective

destination vectors (Tab. 1) using LR-clonase (Invitrogen) according to manufacturer’s instructions.

Tab.1 Gateway compatible destination vectors used in this study

Name Selection markers Structure Source
pUBC-GFP SpecR, BarR pUBQ10-GW-GFP-T35 Grefen et al. (2010)
pUBN-GFP SpecR, BarR pUBQ10-GFP-GW-T35 Grefen et al. (2010)
PENSG-CFP AmpR, BarR p35S-CFP-GW Feys et al. (2005)
pUGW15 AmpR p35S-N-3xHA-GW Nakagawa et al. (2007)
pUGW18 AmpR p35S-N-4xc-Myc-GW Nakagawa et al. (2007)
pE-SPYCE AmpR p35S-HA-cYFP-GW Walter et al. (2004)
pE-SPYNE AmpR p35S-c-Myc-nYFP-GW Walter et al. (2004)
pEarleyGate203 | KanR, BarR 35S5-c-Myc-GW-0CS Earley et al. (2006)
pDestN110 AmpR pT7-lacO-SD-10xHis-GW Dyson et al. (2004)
pET-Dest42 AmpR, CamR pT7-lacO-GW-V5-6xHis Invitrogen
PET-Dest42m2 | AmpR, CamR pT7-lacO-SD-GFP-GW-V5 ?: 'biL:;en?rGae”ri’épr
; . Michal Sikorski, Institute of
pMCSG84 AmpR QIZ';ISaCO-SD%les-NusA-TEVS|te-MCS- Bioorganic Chemistry,
Poznan, Poland
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MVQs without stop codon for C-terminal fusions were cloned with the pENTR/SD/D-TOPO cloning kit
(Invitrogen) following manufacturer’s instructions using primers listed in Tab. S1. Mutation of the VQ-
residues to DL for generation of MVQ3P* entry clones was achieved by site-directed mutagenesis as
described by Palm-Forster, Eschen-Lippold, and Lee (2012) using pENTR/SD/D-TOPO MVQ3 as

template with primers in Tab. S2.

2.2.2 Transformation of bacteria

E. coli strains were transformed by heat shock transformation. Competent cells (50 ul) were thawed
on ice and the plasmid (50 ng) was added. Cells were incubated with plasmids on ice for 20 min before
applying a heat shock (42°C, 45 s). Subsequently 200 ul of LB Medium were added and the bacteria
were grown for 1 h at 37°C, 120 rpm before they were plated out on LB Media supplemented with
respective antibiotics.

Agrobacterium strain GV3101 was transformed by cold-shock transformation. Competent cells (200ul)
were thawed on ice and plasmid DNA (1 pg) was added followed by incubation on ice for 20 min. Cells
were shock-frozen in liquid nitrogen for 1 min and subsequently thawed at 37°C for 5 min. After adding
1 ml LB medium bacteria were incubated at 37°C, 120 rpm for 2-3 h before being plated on LB medium

supplemented with antibiotics.

2.2.3 Generation of MVQ phospho-site mutants

Mutant versions of MVQ2-6 in which all potential SP and TP phosphorylation sites (Fig. S2) are
mutated to AP and with attB-sites added to N- and C-terminus, were generated by gene synthesis
(GeneArt, Thermo Fisher Scientific) as part of Florian Rist’s master thesis. The construct was cloned

into entry vectors using BP-clonase (Invitrogen) according to manufacturer’s instructions.

2.2.4 Genotyping T-DNA insertion lines

Seeds of T-DNA insertion lines for MVQ1-10 (see Fig. S11) were ordered from NASC. For DNA isolation
and PCR, the REDExtract-N-Amp tissue PCR Kit (Sigma-Aldrich) was used according to manufacturer’s
protocol. Primers used for genotyping were designed as suggested by the SALK T-DNA primer design
software (Alonso et al. 2003) and are listed in

Tab. S3.
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2.2.5 Generation of CRISPR-Cas9 constructs

In order to generate transgenic plant lines with deletions in MVQ genes, target sites for CRISPR-Cas9

editing (Belhaj et al. 2015) were identified with the CHOPCHOP tool (http://chopchop.cbu.uib.no/) for

each gene. For cloning of constructs, the molecular toolkit described by Ordon et al. (2017) was
employed. More specifically two targets per MVQ were chosen and guide sequences loaded in pDGE5
and pDGES8 shuttle vectors using oligonucleotides listed in Tab. S7. Shuttle vectors were cloned in the

multiplex genome editing vector pDGE4 encoding Cas9 under control of a parsley ubiquitin promoter.

2.2.6 Agrobacterium-mediated plant transformation

Transgenic A. thaliana lines were generated by Agrobacterium-mediated transformation with the
floral dip method described in (Logemann et al. 2006). Lines expressing c-Myc-tagged MVQ1 under

control of the 35S promoter were generated using the pEarleyGate203 vector (Earley et al. 2006).

2.2.7 Quantitative Real-time PCR

RNA was isolated from plant tissue using the TRIzol (Thermo) reagent according to manufacturer’s
instructions. For synthesis of cDNA the RevertAid (Thermo) cDNA synthesis kit was used using the
supplier’s protocol. Diluted cDNA (1:10) was added to EvaGreen gPCR Mix (Bio & Sell) following
manufacturer’s instructions. Primers used for gRT-PCR are listed in Tab. S4. The PCR-program was
performed in MX3005P cyclers (Agilent) and consisted of an initial activation step (15 min at 95°C),
followed by 40 cycles of 15 s 95°C and 40 s 60°C. After additional 2 min at 95°C a melting curve was
recorded (30 s 55°C, 30 s 95°C).

2.2.8 Isolation of genomic DNA

For isolation of genomic DNA 400 pl extraction buffer (200 mM Tris-HCI, pH 7.5; 250 mM NaCl; 25 mM
EDTA; 0.5 % SDS) were added to ground plant material (1 adult leaf) and vortexed vigorously. After
centrifugation (5 min, 10 000 rpm) 300 ul of the supernatant were mixed with the same amount of
isopropanol. DNA was pelleted by centrifugation (5 min, 10 000 rpm), washed with EtOH (70 %) and

the dry pellet dissolved in water.
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2.2.9 Southern Blot

Genomic DNA was digested with EcoRI (Thermo) and separated on an agarose gel. Southern blotting
was performed as described by Southern (2006). The probe was generated by amplification of a
fragment in the Basta resistance gene using primers listed in Tab. S5 and the pEarleyGate203 vector as
template. Phusion high fidelity polymerase (Thermo) was used for PCR according to manufacturer’s
protocol. After separation of PCR products on an agarose gel the desired fragment (405 bp) was cut
out and isolated with the Fragment CleanUp kit (Invisorb). The DNA (25 ng) was labelled with 32P-a-

ATP using the Megaprime DNA labelling kit (GE Healthcare) following the supplier’s instructions.

2.2.10 Preparation and transfection of A. thaliana mesophyll protoplasts

Fully expanded leaves from 4-week old plants were harvested and used for protoplast isolation as
described by Yoo, Cho, and Sheen (2007) with the following changes: After infiltration of leaf strips
with enzyme mix, digestion was carried out in the dark for 3 h at 18°C and the protoplast solution was
kept on ice for subsequent washing steps. Plasmid DNA for transfection of protoplast was prepared
with a Plasmid Maxi Kit (Qiagen) and transfection of protoplast was performed with 10 ug DNA per
100 pl protoplasts according to (Yoo, Cho, and Sheen 2007). After transfection protoplasts were
aliquoted and incubated in the dark at 18°C for 14-16 h before use in different assays. For protein
expression analysis protoplasts (300 ul) were pelleted and frozen in liquid nitrogen after removal of

supernatant. 12 pl of 4x loading buffer were added to the pellet and incubated at 95°C for 3 min.

2.2.11 Microscopy

Protoplasts were analysed by confocal laser scanning microscopy with an LSM710 (Zeiss) 14-16 h after
transfection. For localisation studies protoplasts were transfected with pUBN/C plasmids (Grefen et al.
2010) coding for GFP-MVQ fusion proteins. GFP was excited with a 488 nm argon laser and emission
recorded from 500-550 nm. CFP-ERF104 served as a nuclear marker in protoplasts transfected with
PENSG-ERF104 (provided by Dr. Gerit Bethke, Lee lab, IPB Halle). CFP fluorescence between 480 and
520 nm was recorded in a second track after excitation with a 458 nm laser pulse.

For bimolecular fluorescence complementation (BiFC) protoplasts were co-transfected with pE-SPYNE
and pE-SPYCE constructs (Walter et al. 2004) coding for nYFP-WRKYs or cYFP-MVQ1l/MvQ1™
respectively. Reconstituted YFP was excited with a 514 nm laser and emissions detected between 500

and 570 nm.
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2.2.12 Promoter activation assay

Promoter activation assays were conducted as described in (He et al. 2006) but Luciferase expression
was driven by promoters of NHL10, GST1 (constructs provided by Dr. Lennart Eschen-Lippold, Lee lab,
IPB Halle), ZAT10 and WRKY33 (constructs provided by Xiyuan Jiang, Lee lab, IPB Halle) instead of FRK1.
A pUBQ10-GUS construct was co-transfected for normalisation (Sun and Callis 1997). Protoplast were
additionally transfected with pUGW15 vectors encoding proteins of interest (Nakagawa et al. 2007).
200 uM luciferin (Invitrogen) was added to protoplast suspension 14-16 h after transfection and
aliquots (90 pl) of 3 biological replicates were transferred to microtiter plates (Greiner). After 20 min
the protoplasts were elicited with 100 nM flg22, elf18 or water as a control and luciferase activity
recorded with a Luminoscan Ascent plate reader (Thermo).

To measure GUS-activity protoplast extracts were prepared by adding extraction buffer (50 mM NaPOq
pH 7.0; 1ImM EDTA; 0.1 % TritonX; 10 mM mercaptoethanol) to the protoplast suspension followed by
vortexing of the sealed plate. 50 pl of protoplast extract were mixed at 4°C with 10 mM 4-Methyl-
umbelliferyl-B-D-glucuronide dissolved in extraction buffer. 20 pl of this mix was transferred to 200 pl
stop buffer (0.2 M Na,COs) (to), while the rest of the mix was incubated at 37°C for 20 min.
Subsequently 20 pl were transferred to stop buffer (t,0) and both time points were measured with a
Twinkle LB790 plate reader (Berthold) (excitation filter 355 nm; emission filter 466 nm). Previously

recorded luminescence was divided by the difference of GUS activity (tzo-to) for normalisation.

2.2.13 Microarray analysis

Leaves of six week old plants (Col-0, mvgl, MVQ1 OE line K11) were infiltrated with 1 uM flg22 or
water as a control in three biological replicates and harvested 1 h later. RNA was extracted with the
RNeasy kit (Qiagen) and treated with DNasel (Qiagen) following manufacturer’s protocol. Quality of
RNA was assessed with the Qiaxcel capillary electrophoresis system (Qiagen). RNA (100 ng) with
estimated RNA integrity number (RIN) > 8 (Schroeder et al. 2006) was used for synthesis of labelled
cDNA and hybridisation to Affymetrix 1.1 ST exon arrays employing the GeneChip WT PLUS reagent kit
(Affymetrics) following manufacturer’s instructions. Hybridised array strips were imaged with the
GeneAtlas system (Affymetrix) and preprocessed by Affymetrix Power Tools (v. 1.15.1).

Processing and statistical analysis of raw data was performed by Dr. Benedikt Athmer (Tissier lab, IPB
Halle) using R package xps and adapting analysis pipeline from (Balcke et al. 2017). Raw data sets were
normalized by robust multiarray averaging including quantile normalisation. Data were filtered for
undetected probe sets to remove background noise as described by (Lockstone 2011), using detection

above background tests at the exon-level. Undetected probe sets were excluded prior to differential
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gene expression analysis. Hybridisation signal above background was detected for 14,461 genes on the
chips. Linear models were fitted with Bioconductor’s limma package (Ritchie et al. 2015) and
adjustment of p values was performed using Benjamini and Hochberg false discovery rate (FDR) (<0.05)
procedure (Benjamini and Hochberg 1995). Differentially expressed genes were identified by a
significance threshold of 0.05 and a minimal log2-fold change of +1. Differentially expressed genes
were scaled by calculating z-scores. Scaled data was analysed and hierarchically clustered with the

TIGR-MEV tool version 4.9 (http://mev.tm4.org) using Pearson correlation and average linkage

clustering or Hopach clustering (see file 1 and file 2 of supplemental data on CD) respectively.

2.2.14 |Insilico data analysis

Sets of differentially regulated genes were analysed for interaction networks in the STRING database

(Szklarczyk et al. 2017) with the STRING tool version 10.5 (https://string-db.org/). All networks were

created with high confidence interaction score of 0.9 except the network of downregulated genes in

mvq1 vs. WT (H,0) for which the score was 0.7 due to relatively low number of genes in the list (21).

Gene ontology (GO) analysis was performed with the online tool provided by the GO consortium

(http://www.geneontology.org/) that uses the PANTHER database (Mi et al. 2017) version 13.1.

Enrichment of GO terms was tested by Fisher’s exact test using Bonferroni correction for multiple

testing.

Analysis and visualisation of overlaps in gene lists was conducted using Venny version 2.1

(http://bioinfogp.cnb.csic.es/tools/venny/) by Juan Carlos Olivero (Spanish National Center for

Biotechnology, Madrid)

Pscan (Zambelli, Pesole, and Pavesi 2009) version 1.5 (http://159.149.160.88/pscan/) was employed

as a tool for identification of enriched transcription factor (TF) binding sites from the JASPAR 2018 NR

database (Khan et al. 2018) analysing the -500 bp region of genes in a given list.

2.2.15 Expression of recombinant proteins in Escherichia coli

For subsequent protein purification MVQ1 and MVQ1P* were expressed via pDestN110 in KRX cells
according to Promega guidelines. After induction with 0.1 % rhamnose bacterial cultures were grown
for 20 h at 18°C, 120 rpm. WRKY33 was expressed as a His-tagged NusA-fusion with the pMCSG48
vector in BL21 DE3 magic cells (construct and cells provided by Michal Sikorski, Institute of Bioorganic

Chemistry, Poznan, Poland). Bacteria were grown in selective LB at 37°C, 120 rpm until an ODgo
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between 0.4 and 0.6 was reached. After induction with 0.5 mM IPTG cells were grown at 18°C, 120
rom for 20 h. For preparation of crude protein extracts used in DPI-ELISA, MVQ1-6, MVQ8 and
respective MVQ® mutants were expressed via pET-Dest42 in BL21 DE RIL cells according to the
protocol by (Brand et al. 2010). Bacteria were lysed on ice using a SONOPULS homogenizer (Bandelin)
with a VS70T or MS73 probe sonicating for six cycles consisting of 15 s pulse and 15 s pause each at 60
% output. The lysed cells were spun down at 2200 g for 20 min at 4°C and the crude protein extract
(supernatant) was measured in a Bradford assay (BioRad). Subsequently 0.2 % biotin free BSA and
1mM DTT was added before aliquots were stored at -20°C. Due to precipitation protein extracts had
to be used within three days for downstream applications. DNA-binding domains (DBDs) of WRKY11,
WRKY33 (N- and C-terminal) and WRKY50 were expressed via pET-Dest42m?2 in the same way.

2.2.16 Protein purification

Bacteria were spun down at 5000 g, 4°C for 20 min and the pellet was dissolved in lysis buffer (0.1 M
Na,HPO4/NH,PO, buffer system, pH 8.0; 0.3 M NaCl; 10 mM imidazole). Protease inhibitor HP-mix
(Serva) was added in 1:100 dilution. Cells were lysed with Lysozyme (Applichem) in 1 mg/ml
concentration for 30 min on ice and subsequently treated with sonication (as described for crude
protein extracts in 2.2.13). TritonX (1 %) was added to the lysate but DNAse treatment was omitted
due to presence of DNA probes in downstream applications. After centrifugation at 20 000 g, 4°C for
40 min. The supernatant was mixed with nickel affinity agarose beads Ni-NTA (Qiagen) according to
manufacturer’s instructions and rotated at 4°C for 1 h. Beads were spun down at 1000 g, 4°C for 1 min
and washed with wash buffer | (= lysis buffer with 40 mM imidazole), followed by washing with wash
buffer Il (= wash buffer | with 0.5 M NaCl) and another washing step with wash buffer I. Proteins were
eluted with elution buffer (= lysis buffer with 0.5 M imidazole). Purified proteins were dialysed at 4°C

over night using SnakeSkin dialysis tubes (Thermo) in 20 mM Tris/HCl, pH 7.5 buffer.

2.2.17 SDS-PAGE and immunoblot analysis

Protein samples were mixed with 4x loading buffer (125 mM Tris/HCI pH 6.8; 4 % SDS; 20 % glycerol;
5 % mercaptoethanol; 0.01 % bromophenol blue), incubated for 5 min at 95°C and separated via SDS-
PAGE using discontinuous gel-electrophoresis with 10-12 % separation gels (10 % Acrylamide-bis;
0.375 M Tris/HCl pH 8,8; 0,1 % SDS; 0,2 % TEMED; 0,04 % APS), 5% stacking gels (5 % Acrylamide-bis;
0.125 M Tris/HCl pH 6,8; 0,1 % SDS; 0,2 % TEMED; 0,04 % APS) and 1x running buffer (25 mM Tris;
192 mM glycine; 0,1% SDS). Subsequently, the proteins were transferred semi-dry onto nitrocellulose

membranes (Parablot NCL, Macherey-Nagel) in transfer buffer (20 % MeOH; 25 mM Tris; 15 mM

24



Materials and methods

glycine; 1 % SDS) for 60 min with 0.8 mA per cm? of membrane. Membranes were then blocked in 5 %
blocking solution (5 % milk powder in TBS-T (50 mM Tris/HCl pH 7.6; 150 mM NaCl; 0.1 % tween 20))
for 1 h at RT. Membranes were incubated with the antibodies (Tab. 2) in 3 % blocking solution either
over night at 4°C or for 1h at room temperature (RT). For detection of signals the ECL Prime Kit

(Amersham) was used according to manufacturer’s instructions.

Tab. 2 List of antibodies used in this work

Antibody ‘ anti-HA anti-c-Myc anti-His anti-GFP anti-V5 | anti-mouse-HRP
Concentration ‘ 1:1000 1:1000 1:3000 1:5000 1:7500 |1:10000
Supplier Eurogentec |Sigma-Aldrich | Sigma-Aldrich | Takara Clontech | Thermo | Sigma-Aldrich

Organism mouse mouse mouse mouse mouse | rabbit

2.2.18 Electrophoretic mobility shift assay (EMSA)

DNA probes were generated by mixing of complementary oligonucleotide pairs listed in Tab. S6 in
annealing buffer (10 mM Tris, pH 7.5; 50 mM NaCl, 1 mM EDTA). After incubation at 95°C for 5 min the
oligonucleotides were annealed by cooling down at RT for 1 h. 0.5 pmol of the Cy5-labelled probe were
mixed with Ficoll (4 % final conc.) and incubated with purified protein in 0.25 mM NacCl for 15 min at
RT. To reduce unspecific interactions 0.2 pg of poly-deoxy-inosinic-deoxy-cytidylic acid (poly-didC)
(Sigma-Aldrich) were added. For competition unlabelled probe was pre-incubated for 10 min with the
protein before incubation with labelled probe.

Acrylamide gels (8 %) in TAE buffer (40 mM Tris; 20 mM acetic acid; 1 mM EDTA) were pre-run at 150 V
for 30 min at 4°C. After loading of samples, gels were run at 100 V, 4°C until bromophenol blue that
had been pre-run for 5 min reached the end of the gel. Cy5 signals were imaged with a Typhoon
FLA9500 (GE Healthcare) using a laser of 635 nm wavelength and quantified with ImageQuant software
(GE Healthcare)

2.2.19 DNA-protein interaction assay (DPI-ELISA)

The DPI-ELISA was performed following the protocol from Brand et al. (2010), but DNA-bound proteins
were detected via GFP fluorescence instead of enzyme-linked antibodies. Biotin-labelled DNA-probes
were generated with the oligonucleotides listed in Tab. S7 and immobilised to streptavidin-coated 384
well plates (Greiner). Dilutions (1:10) of protein extracts containing GFP-tagged WRKY DBDs or GFP
expressed from cells carrying the empty vector were pre-incubated with undiluted crude extracts
containing His-tagged MVQs or empty vector control in a 1:1 fashion for 20 min at RT. Subsequently

the mixture was incubated with the probes on the plate for 1 h at RT. After washing with TBS (50 mM
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Tris/HCl pH 7.6; 150 mM NaCl) the GFP signal was read out with a Varioscan Flash (Thermo) using
excitation wavelength of 485 nm and emission of 510 nm. When crude protein extracts containing
different WRKY-DBD-GFP fusions were compared, GFP fluorescence of the extracts was utilised as a
proxy for “protein concentration”. Concentrations of extracts were adjusted according to fluorescence

of the extract with the weakest signal by dilution.

2.2.20 Chromatin Immunoprecipitation followed by sequencing (ChIP-seq)

Chip-seq experiments were conducted by Dr. Rainer Birkenbihl (Somssich lab, MPIZ Cologne).
Seedlings of WT (Col-0) and MVQ1 OE (K11) were grown in sterile conditions (see 2.1.4) in a light
chamber at 22°C under long-day conditions (16 h light/8 h dark) for 12 days. Subsequently seedlings
were treated with flg22 by replacing the growth medium with medium containing 1 mM flg22 or
medium without flg22 as a control. ChIP was performed with anti c-Myc antibody M4439 (Sigma
Aldrich) applying a protocol by (Gendrel et al. 2005) with modifications as described in (Birkenbihl,
Diezel, and Somssich 2012). To prepare the ChlIP-seq libraries the DNA was first amplified by two
rounds of linear DNA amplification (Shankaranarayanan et al. 2011). Libraries were constructed with
the DNA Smart ChlP-seq kit (Clontech Laboratories) and sequenced at the Max Planck Genome Centre
in Cologne with a HiSeq2500 system (lllumina).

ChlP-seq data was processed and analysed by Dr. Barbara Kracher (MPIZ Cologne) as described in (Liu
et al. 2015). For identification of genomic DNA regions enriched in sequencing reads in the ChIP sample
compared to input control as well as in inoculated compared to mock treated samples, the peak calling
algorithm of the QUEST program version 2.4 (Valouev et al. 2008) was used. To search for conserved
binding motifs in the MVQ1 binding regions, for each peak the 500-bp sequence surrounding the peak
maximum was extracted and submitted to the online version of MEME-ChIP for CentriMo search
(Bailey and Machanick 2012). Number and percentage of peak regions containing a certain motif were
extracted with the online version of FIMO (Grant, Bailey, and Noble 2011) with a p value threshold of
0.001. ChlP-seq data were visualised with the Integrative genomic viewer (IGV) browser
(Thorvaldsdottir, Robinson, and Mesirov 2013).

To identify all locations of the W-box motif (TTGACT/C) in the complete Arabidopsis genome, the R

function “matchPattern” was used (Pages, 2016; https://bioconductor.org/packages/release/bioc/).

2.2.21 Infection of Arabidopsis thaliana with Botrytis cinerea

Permanent cultures of the B. cinerea strain B05.10 were provided by Dr. Lennart Eschen-Lippold (Lee

lab, IPB Halle) and transferred to a sterile pot containing half a peach (canned peaches from PENNY

26



Materials and methods

supermarket). The fungus was grown for 5 days at 22°C under UV-light to trigger sporulation. The
sporulating mycelium was removed from the peach with a forceps, transferred into 20 ml B5-
Glcmedium (3.16 g/l solid Gamborg B5 medium with vitamins (Duchefa), 2 % glucose) and mixed by
vortexing.

After filtering of the spore solution through a 20 um nylon net (Merck Millipor) spores were counted
and adjusted to 2 x 10° spores/ml. Germination of spores was initiated by adding 1 M potassium
phosphate buffer, pH 6.4 to a final concentration of 10 mM and spores were kept for 1 h at RT for
germination. Fully expanded leaves of six week old A. thaliana plants were inoculated with 10 pl
droplets of the spore solution and plant trays were sealed with parafilm to ensure high humidity. The
infected leaves were harvested 3- and 4-days post infection (dpi) to document symptoms. For
determination of fungal biomass leaves were harvested 2 and 3 dpi and leaf discs (d = 8 mm) were
punched out at the inoculation sites. Four leaf discs from the same plant were pooled in one sample
and DNA was extracted with a genomic DNA isolation kit (Sigma-Aldrich) according to supplier’s
protocol. During extraction, plant DNA was spiked with plasmid DNA (pCR2.1 containing the potato
StNOX gene) as reference. The extracted DNA was diluted (1:10) and subjected to qRT-PCR analysis
(see 2.2.7) using primers listed in Tab. S4. Amount of fungal BcCutA was referenced to the amount of

plasmid DNA (StNOX) via a standard curve of diluted pCR2.1-StNOX.
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3. Results

3.1 Subcellular localisation of MVQs

Almost all MVQs interact with WRKY transcription factors in a Y2H screen (Pecher et al. 2014).
Occurrence of MVQ-WRKY interactions in planta would require at least partially overlapping
localisation patterns between MVQs and nuclear WRKYs. Indeed MVQ9 (IKU1) and MVQ10 (VQ9), the
only MVQs analysed with respect to their localisation so far, are nuclear proteins (Wang et al. 2010;
Hu, Chen, et al. 2013). For all other MVQs there is only predicted localisation data from the Subcellular

Proteomic Database (http://suba.plantenergy.uwa.edu.au) available, as listed in (Cheng et al. 2012).

According to these predictions MVQ1-2 are targeted to mitochondria and the nucleus, while MVQ3-6
localise to plastids and the nucleus and MVQ7-10 are exclusively located in the nucleus. One aim of
this work was to analyse subcellular localisation patterns of all MVQs and to validate these in silico

predictions experimentally.

3.1.1 MVQs display two distinct subcellular localisation patterns

To investigate subcellular localisation of MVQs, genes of all ten members were cloned to express GFP-
MVQ fusion proteins under the control of the moderate UBIQUITIN10 promoter using the pUBN-GFP
vector (Grefen et al. 2010). In case of MVQ3, for which cleavage of N-terminal tags was previously
shown (Pecher, unpublished data), a C-terminal GFP-fusion was used (pUBC-GFP). A. thaliana
mesophyll protoplasts were transfected with plasmids expressing GFP-tagged MVQ1-10 and analysed
16 hours later by confocal laser scanning microscopy.

The conserved VQ-residues are essential for MVQ-WRKY interactions (Pecher et al. 2014) and might
influence the subcellular localisation of MVQs. Therefore MVQ-variants, in which VQ residues have
been exchanged for DL, were included in the analysis.

The ten MVQs displayed two distinct subcellular localisation patterns. GFP-tagged MVQ1-6 were
located in the cytoplasm and the nucleus (Fig. 4 A-F). Within the nucleus the GFP signal was evenly
distributed with lower signals in the nucleolus. In contrast, GFP-fusions of MVQ7-10 localised to the
nucleus exclusively (Fig. 4 G-J) and the GFP signal was concentrated in small punctate structures (see

enlarged image segments in Fig. S1).
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Fig.4  For legend see next page.
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Fig. 4 Subcellular localisation of MVQ1-10 and respective VQ-mutants in A. thaliana protoplasts:
Protoplasts were transfected with plasmids expressing GFP-tagged MVQ1-10 (A-J) and respective MVQ®
variants (A’-)’) and analysed by confocal laser microscopy 16 h after transfection. GFP-fluorescence (1% panel),
chlorophyll fluorescence (2" panel) and brightfield images (3™ panel) were recorded in different channels. Scale
bars represent 10 um. White triangles indicate the nuclear proportion of GFP signal in (A-F) and (A’-F’). Images
are representative of three independent experiments with similar results.

The nature of these punctate structures is currently unknown but they resemble the dynamic light-
regulated nuclear foci described by Kaiserli et al. (2015), which are speculated to be sites of
transcriptional activity. Interestingly, WRKY18 and WRKY40 have been reported to be in similar nuclear
bodies (Geilen and Bohmer 2015).

Mutation of the strictly conserved VQ residues to DL did not seem to affect localisation of any GFP-
tagged MVQ ((Fig. 4 A’-F’), suggesting that the interaction with WRKYs might not be required for
nuclear localisation of MVQs. There was no overlap between chlorophyll fluorescence (as a marker for
chloroplasts) and GFP signals of any of the MVQs, thus refuting SUBA-predictions for plastid
localisation of MVQ3-6.

Furthermore speckle-like signals throughout the protoplast would be expected in case of
mitochondrial localisation for MVQ1 & 2 as predicted by SUBA. Since the GFP-signal was quite evenly
distributed in the cytoplasm in both cases, mitochondrial localisation seems rather unlikely. However
co-localisation of MVQ1 &2 with a mitochondria-staining dye (mitotracker) or other markers would be
required to exclude this possibilitiy.

Western blot analysis confirmed, that the protoplasts expressed the full-length GFP-MVQ fusions and
no free GFP was detected (Fig. 5). MVQ4- and MVQ6-GFP-fusions show additional bands running
higher than the expected size (56 kDa instead of 52 kDa and 54 kDa instead of 48 kDa respectively).

This might be explained by phosphorylation, which was reported before for these proteins (Pecher et

al. 2014).
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Fig. 5 Expression of GFP-tagged MVQs in A. thaliana protoplasts: Protein extracts from protoplasts were
subjected to SDS-PAGE and Western blot analysis using anti-GFP antibody. Two different exposure times are
shown. Amido black staining of the RuBisCO large subunit served as a measure of loading. The dotted line
indicates that the image was spliced from the same blot.
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To provide further evidence, that the observed punctate structures in Fig. 4 G-J/G’-J’ are located inside
the nucleus, protoplasts were co-transfected with plasmids expressing GFP-fusions of MVQ1 and
MVQ8-10 and an ERF104-CFP fusion that served as a nuclear marker. MVQ1 and ERF104 showed
overlapping localisation in the nucleus with additional GFP-MVQ1 signals in the cytoplasm (Fig. 6 A).
Localisation of GFP-tagged MVQ8-10 overlapped with that of ERF104-CFP (Fig. 6 B-D) thus confirming
exclusively nuclear localisation of these GFP-MVQ fusions. ERF104-CFP was generally rather uniformly
distributed within the nucleus (with only occasional concentrations e.g. Fig. 6 B).

In contrast GFP-fusions of MVQ8-10 displayed the punctate localisation pattern that was already

observed in Fig. 4 G-J.

GFP chlorophyll CFP merge brightfield

GFP-MVQ1
ERF104-CFP

GFP-MVQ8
ERF104-CFP

GFP-MVQ9
ERF104-CFP

GFP-MVQ10
ERF104-CFP

Fig. 6 Co-localisation of MVQs with nuclear marker ERF104: Protoplasts were co-transfected with plasmids
expressing ERF104-CFP and GFP-tagged MVvQ1 (A), MvVQ8 (B), MVQ9 (C) or MVQ10 (D). GFP-fluorescence (1%
panel), chlorophyll fluorescence (2" panel), CFP-fluorescence (3™ panel) and brightfield image (5™ panel) were
recorded in different channels 16 h after transfection. 4" panel shows overlay of GFP- and CFP fluorescence.
Scale bars represent 10 um. Images represent three independent experiments with similar results.

3.1.2 Mutation of phosphorylation sites affects localisation of some MVQs

MVQs are phosphorylated by the MAPKs MPK3 and MPK6 and for MVQ1-6 phosphosites have been
mapped by mass spectrometry (Pecher et al. 2014). Phosphorylation was reported to negatively affect
the stability of some MVQs. To investigate whether phosphorylation might also alter subcellular
localisation, GFP-tagged phosphosite-mutants of MVQ1-6 (Pmut) were analysed in transfected

protoplasts. In case of MVQ1, it was demonstrated that mutation of those phosphorylation sites, which
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had previously been detected by mass spectrometry, is not sufficient to prevent in vivo
phosphorylation of MVQL1 in response to flg22. Only when all 12 potential SP and TP phosphorylation
sites in MVQ1 are mutated to alanine-proline (AP), phosphorylation was abolished (Pecher et al. 2014).
Accordingly, all potential SP and TP phosphorylation sites were mutated to AP in MVQ2-6 phosphosite-
mutants (see Fig. S2 for overview of potential phosphosites in MVQ1-6).

MVQ1-6 were located in the cytoplasm and nucleus (Fig. 7 A-F). The respective phosphosite-mutants
of MVQ1, MVQ2 and MVQ6 showed the same localisation pattern (Fig. 7 A’,B’,F’), while phosphosite-
mutants of MVQ3-5 were exclusively found in the nucleus (Fig. 7 C’-E’). In case of GFP-tagged

MVQ5°™¢, GFP signals were concentrated in small nuclear foci resembling those of MVQ7-10.

WT Pmut

GFP chlorophyll brightfield GFP chlorophyll brightfield

GFP-MVQ1

GFP-MVQ2

MVQ3-GFP

GFP-MVQ4

GFP-MVQ5

GFP-MVQ6

Fig. 7 Subcellular localisation of MVQ1-6 and respective phosphosite-mutants (Pmut) in A. thaliana
protoplasts: Protoplasts were transfected with plasmids encoding GFP-tagged MVQ1-6 (A-F) and respective
Pmut variants (A’-F’) and analysed by confocal laser microscopy 16 h later. GFP-fluorescence (1 panel),
chlorophyll fluorescence (2" panel) and brightfield images (3™ panel) were recorded in different channels. Scale
bars represent 10 um. White triangles indicate the nuclear proportion of GFP signal in (A-F) and (A’-F’). Images
are representative of three independent experiments with similar results.
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Fig. 8 Expression of GFP-tagged MVQ1-6 and respective phosphosite-mutants (Pmut) in A. thaliana
protoplasts: Protein extracts from protoplasts expressing GFP-tagged MVQ1-6 or respective MVQ Pmut variants
were subjected to SDS-PAGE and Immunoblot analysis using anti-GFP antibody. Amido black staining served as a
measure of loading.

These results suggest, that MVQ3-5 might undergo subcellular re-localisation upon phosphorylation
from nucleus to cytoplasm, which is inhibited in the phosphosite-mutant. However, it cannot be
excluded that mutation of all phosphosites (12 sites in MVQ3, 14 sites in MVQ4 and 5 sites in MVQ5
(Fig. S2)) might impair correct folding of MVQs and result in mislocalisation. Expression analysis

confirms, that protoplasts expressed the GFP-tagged MVQs (Fig. 8)

3.2 Effects of MVQ1 and other MVQs on defence gene promoter activity

All MVQs are present in the nucleus (section 3.1), targeted by MAMP-activated MAPKs and most of
them interact with WRKY TFs (Pecher et al. 2014). These findings suggest a potential role of MVQs in
the regulation of defence gene expression. To investigate this hypothesis, a luciferase-based reporter
assay was employed to measure activities of defence gene promoters after MAMP-treatment.

To this end, A. thaliana protoplasts were co-transfected with three plasmids: the first plasmid is the
reporter construct encoding Luciferase driven by promoters of MAMP-responsive genes, while a
second “effector” plasmid is constitutively expressing MVQs (or CFP as a control) with an HA-tag. The

third plasmid pUBQ10-5-GLUCURONIDASE (GUS) served as a transfection normalisation reference.

3.2.1 MVQ1l dampens MAMP-induced activation of pNHL10 via its VQ-motif

NHL10 is a marker gene for early defence responses and its induction via the MAPK pathway has
previously been demonstrated (Boudsocq et al. 2010). When the pNHL10-LUC reporter construct was
expressed in protoplasts, the activity of the NHL10 promoter did not change after treatment with
water (Fig. 9 A). Furthermore, promoter activity was similar in protoplasts expressing MVQ1 and those
expressing CFP as a control. After treatment of protoplasts with flg22 (100 nM) a transient rise in

NHL10 promoter activity was observed with a peak of more than 2-fold induction around 60 min after
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treatment (Fig. 9 B). When MVQJ1 is overexpressed, NHL10 promoter activity still flg22-inducible but
from 30 min onwards the activity was significantly lower in comparison to the CFP control and the peak
of activity at 60 min could not be detected.

Treatment with another bacterial MAMP (100 nM elf18) also resulted in induction of the NHL10
promoter but the activity was slightly higher (up to 2.7-fold) and reached a plateau instead of a peak
when compared with flg22-treatment (Fig. 9 C). In the case of elf18 treatment, MVQ1 expression
resulted in significantly lower promoter activity already from 5 min onwards.

Expression of MVQL1 (or CFP) in protoplasts was confirmed by western blot analysis (Fig. 9 D, where
the additional bands for MVQ1 might indicate phosphorylation of MVQ1 during handling of the
protoplasts.

These results confirmed previous experiments (Pecher et al. 2014), showing that MVQ1 seems to be
able to supress MAMP-induced activation of a defence gene promoter.
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Fig. 9 Effect of MVQ1 on the promoter activity of defence marker gene NHL10: A. thaliana protoplasts were
transfected with the pNHL10-LUC reporter construct and p355-MVQ1 or p35S-CFP as control and incubated for
16 h. Luciferase activity was measured after treatment with water (A), or the MAMPs flg22 (B) and elf18 (C),
normalised to an expression reference (pUBQ10-GUS) and is depicted as mean fold-change (n=3) compared to
water-treated CFP-transfected control (t=0). Error bars indicate standard errors. Statistically different groups at
t=60 (two-way ANOVA with Bonferroni multiple comparison post-test p<0.05) are denoted by letters. (D) Protein
extracts from protoplasts were subjected to SDS-PAGE and Immunoblot analysis using anti-HA antibody. Amido
black staining serves as a measure of loading.

However, while repeating this assay we noticed that the effect of MVQ1 on the induction of pNHL10-
LUC can be quite variable between experiments (Tab. 3). This variation could be in part due to the
differential protoplast handling or the non-sterile conditions used. For an unbiased view, all
independent experiments are shown and the average effect plotted as the difference in promoter
activity (i.e. mean promoter activity values in the control were subtracted from those in protoplasts
overexpressing the tested MVQs). Hence negative values indicate a suppression effect, while positive
values show enhancement of promoter activity.

Fig. 10 A summarises 25 independent experiments in which the effect of MVQ1 on activity of pNHL10

after treatment was determined. Each grey curve represents the difference in pNHL10 activity after
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MVQ1 overexpression in the individual experiments and the average difference is plotted as a coloured
curve. MVQ1 displayed, on average, a slight reduction of pNHL10 activity at the activation peak 60 min
after flg22-treatment (Fig. 10 A red curve). In 12 of 25 experiments MVQ1 overexpression led to
significantly lower promoter activity at this time point, while in 2 experiments a significant stimulation
was observed (Tab. 3). In the remaining 11 experiments, no significant difference to the CFP control
was observed. These findings indicated that the suppressive effect of MVQ1 on the flg22-induced
activation of pNHL10 in protoplasts is rather variable.

Besides effects from protoplast handling, variability of the MVQ1 effect might be explained by
phosphorylation and subsequent degradation of MVQ1 as demonstrated in (Pecher et al. 2014).
Indeed, western blot analysis showed additional bands running higher than the expected size for
MVQ1, which are absent in the MVQ1 phosphosite-mutant MVQ1"™ (Fig. 11) and hence indicative for
phosphorylation. We postulate, that MVQ1"™¢ might be more stable and thus suppresses pNHL10
activation more robustly. In fact, the suppression of pNHL10 activity by MVQ1P™! is generally more
pronounced compared with the native MVQ1. However, overexpression of MVQ1"™ did not have
statically significant effects on pNHL10 activity in 7 out of 13 experiments (Tab. 3) suggesting that
phosphorylation is not the only source of variability.

Induction of pNHL10 by MAMPs is probably mediated by WRKYs since it depends on the presence of
two W-boxes (Pecher et al. 2014). Thus, suppression of pNHL10 induction by MVQ1 might depend on
its ability to interact with WRKYs via the VQ-motif. To test this hypothesis, the DL mutant of MVQ1 was
included in the assay. Interestingly MVQ1P led to substantially enhanced activity of pNHL10 in 11 out
of 18 experiments (Fig. 10 B, Tab. 3) suggesting that MVQ-WRKY-interaction might indeed be necessary
for the suppressive effect of MVQ1.

3.2.2 MVQs differentially modulate MAMP-induced activation of pNHL10

Potential influence of the other nine MVQs on defence gene expression was investigated by means of
the protoplast transient expression assay described above. Most of the MVQs were able to modulate
flg22-mediated pNHL10 induction, (Fig. 10). An exception is MVQ2, which generally did not alter
pNHL10 activity when compared to CFP control (Fig. 10 D). But the results in this case varied
substantially between the six independent experiments (Tab. 3), so that interpretation of these results
is difficult.

On the whole, MVQ3, 4, 6, 7 slightly suppressed the induction of pNHL10 to a similar extent as MVQ1
(Fig. 10E, F, H, 1).
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Fig. 10 Effect of MVQs on promoter activity of defence marker gene NHL10: A. thaliana protoplasts were
transfected with the pNHL10-LUC reporter and p355-MVQs or p355-CFP as control. 16 h later, Luciferase activity was
measured after treatment with 100 nM flg22 and normalised to an expression reference (pUBQ10-GUS). A promoter
activity is the difference of luciferase activity in presence of MVQs substracted by the luciferase activity in the CFP
control. Values from individual experiments are plotted as grey curves. Coloured curves represent mean values of all
experiments for each MVQ with error bars indicating standard errors. red = suppression, green = stimulation, blue =
no effect. Note differences in scale of y-axis for B, J, Kand L.
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Suppression in these cases seemed to be more robust in comparison to MVQ]1, since statistically
significant lower promoter activity at 60 min was observed in the majority of experiments (Tab. 3).

By comparison, pNHL10 induction was strongly and robustly suppressed by overexpression of MVQ9
and MVQ10 (Fig. 10 K, L). In contrast to the other MVQs, overexpression of MVQ5 and MVQ8
stimulated pNHL10 activity. In both cases, but particularly for MVQS8, this included a boost in the basal
pNHL10 activity prior to MAMP treatment. Apparently, members of the MVQ subfamily are able to
negatively or positively modulate promotor activation of the early defence marker gene NHL10 upon

MAMP-treatment with different strength.

Tab.3 Summary of MVQ effects on flg22-induced promoter activity of NHL10: Listed are numbers of
experiments with different effects on activity of pNHL1I0 60 min after flg22-treatment. Effects are defined as
statistically different in comparison to CFP control at t=60 (two-way ANOVA with Bonferroni multiple comparison
post-test p<0.05). Numbers in brackets indicate total number of experiments n.

effect on
pNHL10

stimulation | 2(25) 11(18) -(13) 2(7) -(8) - (6)
suppressionF 1(18) q 3(7) H 56)
noeffect |[11(25) 6(18) 7(13) | 2(7) 3(8) 1(6)

MVQ5 | MvVQ6 | MvQ7 | MvQ8 | MVQS | MvQ10

36) | - | 16 [12@3] - [ -0
H 5(6) H -(13) H 5(5)
266) | 16) | 2(66) | 113 | 2 | -5

For all the experiments, MVQ expression was verified by western blot analysis (Fig. 11). For MVQ1-4,

mMval mvQi™ mval™ MvQ2 | Mva3 | MvQa

additional shifted bands were observed, indicative for phosphorylation of those proteins as described

in (Pecher et al. 2014).
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Fig. 11 Expression of HA-tagged MVQs in A. thaliana protoplasts: Protein extracts of protoplasts expressing
HA-tagged MVQ1-10, MvVQ1®:, MvVQ1P™ or CFP were subjected to SDS-PAGE and Immunoblot analysis using
anti-HA antibody. Amido black staining of RuBisCO large subunit serves as a measure of loading. The dotted line
indicates that the image was spliced from the same blot.
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3.2.3 MVAQ1 suppresses MAMP-induced activation of additional defence-related genes

In order to investigate, if MVQ1 is able to antagonise MAMP-mediated induction of defence-related
genes in general, we extended the analysis to promoters of additional flg22-responsive genes other
than NHL10.

WRKY33 is up-regulated upon treatment of A. thaliana seedlings or cell cultures with flg22 (Navarro et
al. 2004) and its promoter contains seven W-boxes, three of which are critical for MAMP-
responsiveness (Lippok et al. 2007). Activity of pWRKY33 was transiently induced by flg22 in the
protoplast assay with a peak activity between 50 and 60 min after elicitation (Fig. 12 A). Upon
overexpression of MVQ1, the activity of pWRKY33 was significantly lower compared to CFP control in

two out of three experiments, while there was no significant difference in one experiment.
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Fig. 12 Effect of MVQ1 on flg22-triggered activation of defence gene promoters: A. thaliana protoplasts were
transfected with plasmids encoding a luciferase reporter under control of (A) pWRKY33, (B) pGST1 and (C)
PZAT10 and p355-MVQ1 or p355-CFP as control. Luciferase activity was measured after treatment with flg22
(100 nM), normalised to an expression reference (pUBQ10-GUS) and is depicted as mean fold-change (n=3)
compared to water-treated CFP-transfected control (t=0). Error bars indicate standard errors. Statistically
different groups at peak of activity (two-way ANOVA with Bonferroni multiple comparison post-test p<0.05) are
denoted by letters. Representative graphs of three independent experiments are shown.

GLUTATHIONE S-TRANSFERASE 1 (GST1) is a defence marker gene, for which activation by flg22 in the
protoplast system has previously been demonstrated (Asai et al. 2002). Its promoter contains six W-
boxes. pGST1 responded to flg22 treatment similar to pWRKY33 and pNHL10. In all three experiments
expression of MVQ1 robustly led to significantly lower activity of pGST1 in comparison to the control
(Fig. 12 B).

SALT TOLERANCE ZINC FINGER (STZ/ZAT10) plays a role in responses to oxidative stress as well as salt
and drought stress. Navarro et al. (2004) have identified ZAT10 to be transcriptionally activated upon
flg22-treatment. The promoter region of ZAT10 contains 16 W-boxes and direct regulation by WRKY43
has been demonstrated (Geilen et al. 2017). Activation of pZAT10 after flg22 elicitation was

significantly reduced by MVQ1 overexpression (Fig. 12 C) in two out of three experiments, while in one
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experiment MVQ1 stimulated activity of pZAT10 compared to the CFP control. Expression of CFP
control and MVQ1 was confirmed by Western Blot (Fig. 13).

The suppressive effect of MVQ1 could be observed in most experiments with all three promoters. Thus,
MVQ1 might potentially be able to suppress MAMP-mediated transcriptional activation of a number

of defence-related genes.
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Fig. 13 Expression of MVQ1 and CFP in A. thaliana protoplasts: Protein samples from protoplasts expressing
the respective promoter-reporter constructs and HA-tagged MVQ1 or CFP were subjected to SDS-PAGE and
Immunoblot analysis using anti-HA antibody. Amido black staining of RuBisCO large subunit served as a measure
of loading. The dotted line indicates that the image was spliced from the same blot.

3.2.4 MVAQ1 antagonises WRKY-mediated activation of pNHL10

All four defence gene promoters, which were analysed in the reporter assays, contain several W-boxes
and thus might be regulated by WRKYs. We hypothesise, that suppression of MAMP-induced activation
of these promoters by MVQ1 requires binding of WRKYs because MVQ1P* failed to suppress the NHL10
promoter activity.

To take a closer look at the possible connection between MVQ1 and WRKY-mediated regulation we
took advantage of a NHL10 promoter fragment containing -198 bp upstream of the putative
transcription start site (TSS). This fragment can be activated by MAMP treatment, although the
amplitude of activation is lower, compared to the full promoter. Two W-boxes present in the fragment
are essential for its activation since mutation of these sites renders the fragment unresponsive to
MAMPs (Pecher et al. 2014). When transfected together with a CFP control, the pNHL10-198-fragment
displayed a basal promoter activity, which is lower in protoplast transfected with the W-box mutated
pNHL10-198 (Fig. 14 A, B black curves). Basal activity might be regulated by endogenous WRKYs in the
protoplasts, which cannot contribute to promoter activity when the W-boxes are mutated.
Overexpression of WRKY33 using the pUGW18 vector (Nakagawa et al. 2007) significantly enhanced
pNHL10-198 activity (Fig. 14 A, green curve), while WRKY33-mediated activation of the promoter
fragment was prohibited when a fragment with mutated W-boxes was used (Fig. 14 B), illustrating the

requirement of these WRKY DNA-binding sites for activation of the promoter by WRKY33.
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Expression of the phosphosite-mutant of MVQ1, which was used because it is more stable than the
WT-version, did not affect basal pNHL10-198 activity compared to the CFP control. But when WRKY33
was co-expressed with MVQ1P™, the promoter activity of the fragment remained on the basal level
suggesting that MVQ1P™ might be able to inhibit WRKY33-mediated activation of pNHL10-198. Since
MVQ1 physically interacts with WRKY33 in a yeast two-hybrid screen (Pecher et al. 2014), it is tempting
to speculate, that interaction between MVQ1"™tand WRKY33 might antagonize the ability of WRKY33
to enhance activity of the pNHL10-198 fragment. WRKY33 protein level was comparable between the
protoplasts expressing WRKY33 and CFP and those expressing WRKY33 and MvVQ1P™" (Fig. 14 C) and
thus unaffected by MvQ1Pmt,
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Fig. 14 Effect of WRKY33 and MVQ1°™! on activity of a -198 bp fragment of pNHL10: Protoplast were
transfected with plasmids expressing luciferase under control of a -198 bp fragment of the NHL10 promoter
containing two W-boxes (A) or a version of the same pNHL10 fragment with mutated W-boxes (B). Additionally,
p355-MVQ1°P™t p355-WRKY33 and p35S-CFP or combinations of those constructs were transfected. 16 h after
transfection luciferin was added to the protoplasts and luciferase activity monitored, normalised to expression
reference (pUBQ10-GUS) and is depicted as mean fold-change (n=3) compared to CFP-transfected control of
pNHL10-198 (t=0). Error bars indicate standard errors. Statistically different groups (two-way ANOVA with
Bonferroni multiple comparison post-test p<0.05) are denoted by letters. (C) Protein extracts were subjected to
SDS-PAGE and immunoblot analysis using anti-HA and anti-c-Myc antibodies. Amido black staining of RuBisCO
served as a measure of loading.
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3.3 Confirmation of MVQ1 interactions with WRKY transcription factors

MVQ1 physically interacts with WRKYs specifically from the subgroups | and lic depending on the VQ-
residues (Pecher et al. 2014). Since these data were generated in a yeast two-hybrid screen, MVQ1-
WRKY interactions warrant further examination in planta. To this end, we employed a bimolecular
fluorescence complementation assay (BiFC) in protoplasts. BiFC or Split-YFP exploits the fact that non-
fluorescent N-terminal and C-terminal fragments of YFP can reconstitute the fluorophore when
brought in close proximity e.g. when fused to proteins that interact with each other.

For the analysis of MVQ1-WRKY interactions MVQ1 or MVQ1°" were fused to the C-terminal half of
YFP (cYFP) under control of p35S with an additional N-terminal HA-tag in the pESPYCE-vector. Three
representative WRKYs from three different groups were expressed as fusion proteins with c-Myc
tagged N-terminal half of YFP (nYFP) under the control of p35S (in the pESPYNE-vector). Constructs
were transiently expressed in A. thaliana protoplasts and analysed for YFP reconstitution 16 h later.
YFP signals were frequently observed in protoplasts expressing cYFP-MVQ1 and nYFP-WRKYs from the
group | (WRKY2, 20, 33) and group llc (WRKY 28, 68) indicating interactions of these proteins with
MVQ1 in planta. All YFP signals were located in the nucleus, which was marked by CFP-tagged ERF104
(Fig. 15 A-C, E, F). In contrast no reconstitution of YFP signal was detected after co-expression of cYFP-
MVQ1 and nYFP-fused WRKY30, 46 and 64 from group Ill (Fig. 15 G-1). The group llc WRKY12 apparently
did not interact with MVQ1 in the assay, since no fluorescence was observed after co-expression with
the respective YFP-fragment fusions. Co-expression of cYFP-MVQ1®°" with any of the nYFP-WRKY
constructs did not result in reconstitution of the YFP signal (Fig. 15 A’-I’) corroborating the notion that
the VQ-residues are essential for MVQ1-WRKY interactions.

Expression of YFP fragment fusions with WRKYs or MVQ1/MVQ1P* was confirmed by immunoblot
analysis (Fig. 16 A-C). Protein levels of cYFP-MVQ1 and cYFP-MVQ1°* were quite equal. Expression of
respective nYFP-WRKY fusions was comparable between samples co-expressing cYFP-MVQ1 or cYFP-
MvQ1°.

Additional shifted MVQ1 signals, that might indicate phosphorylation, were detected by immunoblot
analysis. To address if MVQ1 phosphorylation might be a prerequisite for its interaction with WRKYs,
BiFC analysis with non-phosphorylatable MVQ1 was performed. Reconstitution of YFP signals was
observed when cYFP-MVQ1P™! was paired with nYFP-WRKY2, WRKY33 or WRKY68, suggesting that
phosphorylation of MVQ1 is not required for interaction with these WRKYs (Fig. S3).

The BiFC results confirm that MVQ1-WRKY interactions detected in a yeast two-hybrid screen by
Pecher et al. (2014) also occur in living plant cells. Apart from WRKY12 that did not interact with MVQ1
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in BiFC (although it did in yeast), all other tested representatives of group | and lic WRKYs were able to

interact with MVQ1, while members of group Il were not.
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Fig. 15 Bimolecular fluorescence complementation of cYFP-MVQ1 and cYFP-MVQ1°" with nYFP-WRKYs:
A. thaliana protoplasts were co-transfected with plasmids encoding cYFP-MVQ1 or cYFP-MVQ1°' and n-YFP
tagged WRKYs from subgroup | (A-C), subgroup lic (D-F) and subgroup Il (G-1). A plasmid encoding ERF104-CFP
was additionally transfected serving as a nuclear marker. YFP reconstitution was analysed 16 h after transfection
by confocal laser scanning microscopy. YFP-fluorescence (1% panel), CFP-fluorescence (2" panel) and brightfield
image were recorded in different channels and merged (3" panel). Scale bars represent 10 pm. White triangles
highlight YFP signals. Images are representative of three independent experiments with similar results.
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Fig. 16 Expression of nYFP-WRKY and cYFP-MVQ1/MVQ1® in A. thaliana protoplasts: Proteins extracts from
protoplasts expressing nYFP-WRKY fusion protein and cYFP-MVQ1 fusions were subjected to SDS-PAGE and
Immunoblot analysis using anti-c-Myc to detect nYFP-WRKYs from group | (A), group llic (B) and group Il (C).
Blots were subsequently stripped and re-probed with anti-HA antibody to detect cYFP-MVQ1/MVQ1Pt. Amido
black staining of RuBisCO served as a reference for loading. Dotted lines indicate rearrangement of lanes from
the same blot, while unconnected boxed lanes are derived from distinct blots.
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3.4 Transcriptome analysis of MVQ1 misexpression lines

MAMP-perception leads to extensive transcriptional reprogramming e.g. induction of defence genes
(Navarro et al. 2004). Dampening of MAMP-induced defence gene promoter activation by MVQ1 was
demonstrated by example of selected reporter genes in the protoplast system (section 3.2.1 and 3.2.3).
If these examples represent a general function of MVQ1 in plants, a considerable influence of MVQ1
on MAMP-induced changes in the transcriptome would be expected.

To address this hypothesis and potentially identify MVQ1-regulated candidate genes, a global
transcriptome analysis was performed in order to compare transcriptional responses to flg22-

treatment between WT plants, and plant lines with altered MVQ1 expression.

3.4.1 Characterisation of MVQ1 misexpressing plant lines for transcriptome analysis

For transcriptomic analysis, plant lines with altered MVQ1 expression needed to be selected. The mvq1
mutant (SALK_107266) is a T-DNA insertion line carrying the insertion within the coding region of
MVQ1 (Fig. 17 A). The exact position of the T-DNA insertion was determined by sequencing a PCR
product containing the T-DNA-plant genomic sequence interface. MVQ1 OE-lines were generated by
means of agrobacterium-mediated plant transformation (using the binary vector pEarleyGate203,
Earley et al. (2006)). In these lines, expression of c-Myc-tagged MVQ1 is controlled by the strong 35S
promoter. Southern blot analysis identified line K11 to likely contain only one copy number of the
transgene (Fig. S4). Therefore, K11 was selected for further analysis.

To confirm lack of MVQ1 transcripts in mvgl and overaccumulation in K11 respectively, transcript
levels of MVQ1 were determined by gRT-PCR (Fig. 17 B). The relative transcript level of MVQ1 (27-dct
using PP2A as a reference gene) reached 51 in MVQ1 OE K11 and was significantly higher (about 30
times) compared to WT (1.7). In mvq1 significantly lower transcript levels were detectable (0.1), which
represent about 6 % of the levels in WT. Both mvgl and MVQ1 OE line K11 do not display any obvious
phenotypes.

Expression of c-Myc-tagged MVQ1 in K11 was confirmed by immunoblot analysis (Fig. 17 C). An
unspecific signal was detected in all samples (upper band), whereas a band of the size expected for
MVQ1 was exclusively present in samples from the transgenic line. MVQ1 protein levels could not be

assessed in WT and mvq1 because there is no specific antibody against MVQ1 available.
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Fig. 17 Characterisation of MVQ1 overexpressing line (MVQ1 OE K11) and T-DNA insertion line mvq1: (A)
Scheme drawn to scale of the MVQ1 (At1g28280) locus with coding region (black box) and UTRs (grey boxes).
Location of T-DNA insertion is depicted by black triangle and arrowheads represent primers used for qRT-PCR.
(B) RNA was extracted from leaves of indicated plant lines and used for cDNA synthesis and subsequent analysis
by qRT-PCR. PP2A served as reference gene. Relative transcript levels are represented by 2”*-dct and error bars
indicate SEM. Two-tailed t-test was performed after log2 transformation; *** p<0.001 n=5 except MVQ1 OE
(K11) n=4. Note break in y-axis for better visualisation of columns. (C) Protein extracts from leaves of WT and
four sibling plants from the MVQ1 K11 OE-line were subjected to SDS-PAGE and immunoblot analysis using anti-
c-Myc to detect MVQ1. MVQ1 signals are indicated by a black arrow. Anti-c-Myc detected a second unspecific
band in all extracts. Amido black staining of RuBisCO served as loading reference.

3.4.2 Microarray analysis reveals differentially expressed genes in MVQ1 misexpression lines

For comparative transcriptome analysis of WT (Col-0), MVQ1 OE K11 and mvq1, leaves were infiltrated
with flg22 (1 uM) or water as a control and harvested one hour later. RNA was extracted for
subsequent cDNA synthesis, labelling and hybridisation to microarray chips (Affymetrix® 1.1 ST exon
array). Array strips were read out using the GeneAtlas™ system and raw data was statistically analysed
and processed by Dr. Benedikt Athmer. Signal above background was detected for 14,461 genes (see
file 1 of supplementary data on CD). When comparing the datasets of different genotypes and
treatments, genes were defined as differentially regulated with a fold change = 2 (upregulated) or < 0.5
(downregulated) and a false discovery rate (FDR) adjusted p-value < 0.05.

Comparing the transcriptomes of MVQ1l OE and mvgl with WT plants under control conditions
revealed that overexpression of MVQ1 resulted in differential expression of 1070 genes (639 up-, 431
down-regulated), whereas only 138 (117 up, 21 down) differentially expressed genes (DEGs) were
detected in mvg1 (Tab. 4). Upon treatment with flg22, the transcriptomes of mvql and WT were quite
similar (only 1 upregulated gene). In flg22-treated MVQ1 OE 434 DEGs (199 up, 235 down) were

observed.
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The comparatively low number of DEGs in the mvg1 mutant especially in flg22 treated samples might
indicate, that loss of MVQ1 does not affect the transcriptome as much as MVQ1 overexpression. This
could be explained by potentially redundant functions of closely related MVQs (e.g. MVQ2-4).

Tab. 4 Differentially expressed genes in MVQ1 misexpression lines: Listed are numbers of up- and down-

regulated genes in MVQ1 OE (K11) and mvgl compared to WT after treatment with water or 1 uM flg22
respectively.

water flg22
up down up down
MVQ1l OE vs. WT 639 431 199 235
mvqlvs. WT 117 21 1 0

3.4.3. Effect of altered MVQ1 levels on the transcriptome in control conditions

To get a better understanding which processes might be influenced by altered transcriptomes in mvqg1
and MVQ1 OE in control conditions (absence of flg22), we sought to match DEG identities with data
on function of those genes. To this end, gene ontology (GO) enrichment analysis was performed using

the PANTHER online tool on the GO consortium website (www.geneontology.org). GO terms for

biological function of the respective DEGs were tested for enrichment against the whole A. thaliana
genome list as background. Additionally, network analysis was performed based on the STRING

database (Szklarczyk et al. 2017) to identify interactions of proteins encoded by DEGs.

Results of the STRING network analysis of the up- and downregulated genes in mvg1 compared to WT
are summarised in Fig. 19. Among the 117 upregulated genes, 48 are clustered in a network containing
genes involved in the biogenesis of ribosomes. A second network contains genes encoding for

“ u

chaperones. Accordingly GO terms like “ribosome biogenesis”, “RNA processing”, “nuclear transport”
and “translation” and other GO terms related to these processes were enriched (Tab. S8).

Only few genes (21) were downregulated in mvg1. Five of those are part of a network containing genes
involved in defence response. “Response to hypoxia“ and “defence response” were identified as

overrepresented GO terms for genes downregulated in mvqg1 (Tab. S9).

More than 600 genes were upregulated in the MVQ1 OE line compared to WT, which clustered in ten
distinct networks during STRING analysis (Fig. 18). Genes involved in sulphate and nitrate metabolism
were grouped together (blue cluster). Other networks contained genes coding for enzymes involved
in the biosynthesis of indoles (purple cluster) fitting to the GO-overrepresentation of “indole-

containing compound biosynthetic process “. Genes important for biosynthesis of phenylpropanoids
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(black cluster) were connected with ethylene biosynthesis genes (red cluster) and stress-related TFs

(brown cluster).
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Fig. 19 STRING network analysis of differentially expressed genes in mvqg1 vs. WT under control conditions:
Networks containing at least 4 nodes were constructed with a minimal required interaction score of 0.9 for
upregulated genes (left) and 0.7 for downregulated genes (right). Interactions between nodes are based on
curated databases (blue line), experiments (pink line), co-expression (black line) and textmining (green line).
Genes assigned to highly overrepresented GO terms (by STRING) are displayed in yellow (ribosome biogenesis),
green (defence response) and red (response to external stimulus) nodes.
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Fig. 18 STRING network analysis of upregulated genes in MVQ1 OE vs. WT under control conditions: Networks
of at least 4 nodes were constructed with a minimal required interaction score of 0.9 Interactions between nodes
are based on curated databases (blue line), experiments (pink line), co-expression (black line) and textmining
(green line). Genes assigned to highly overrepresented GO terms (by STRING) are displayed in yellow (defence
response), green (response to stress), blue (response to hormone) and red (response to stimulus) nodes.
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Two distinct networks were associated with JA (turquois circle). One network contained genes
responsible for JA biosynthesis, and the other JA signalling components such as JAZ repressors and
MYC2. Coinciding with overrepresentation of the GO terms “JA metabolic process” and “response to
wounding”. Additional networks contained genes involved in oxidative stress (yellow cluster),
ribosomal biogenesis (bright green cluster), a group of genes connected to RNA-Polymerase Il (dark
blue cluster), five MAPKKKs (dark green cluster) and 7 genes with unknown function (pink cluster).

25 groups of GO terms were enriched in MVQ1 OE upregulated genes (Tab. S10). The most highly
enriched included specific terms like: “respiratory burst”, “response to chitin“ and “JA metabolic
process”. These can be summarised in general GO terms like “defence response”, “response to

hormone” and “response to stress”, which were enriched as well.

Analysis of the genes that are downregulated in MVQ1 OE revealed five networks (Fig. 20). The most
extensive network consisted of 41 genes with roles in photosynthesis (green cluster). Furthermore 15
genes, involved in chlorophyll biosynthesis were grouped together (blue cluster). In line with this, GO
terms related to “photosynthesis”, “response to light” and “chlorophyll biosynthesis” were highly
enriched (Tab. S11). Genes associated with oxidative stress, constituted another network (red cluster)
coinciding with enrichment of the GO term “oxidation-reduction process”. Four genes connected to
cell wall modification were grouped together (black cluster). Similar to the upregulated genes, the
downregulated genes contained a network of ribosome biogenesis genes (yellow cluster), although no

rRNA- or ribosome-related GO terms were enriched.
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Fig. 20 STRING network analysis of genes downregulated in MVQ1 OE vs. WT under control conditions:
Networks of at least 4 nodes were constructed with a minimal required interaction score of 0.9 Interactions
between nodes are based on curated databases (blue line), experiments (pink line), co-expression (black line)
and textmining (green line). Genes assigned to highly overrepresented GO terms (by STRING) are displayed in
red (photosynthesis), yellow (oxidation-reduction), green (abiotic stimulus) and blue (chlorophyll biosynthesis)
nodes.
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In summary, it can be stated that under control conditions genes involved in ribosome biogenesis (e.g.
RPLs) and protein folding (chaperones), both important for translation are upregulated in mvgl
compared to WT, while only few genes involved in defence response (e.g. PHOSPHOLIPASE A 2A) are
downregulated.

In the MVQ1 OE line mainly genes involved stress response and/or biosynthesis of hormones and
metabolites (JA, ET, phenylpropanoids, indoles) are upregulated, while genes involved in
photosynthesis and connected processes (chlorophyll biosynthesis, oxidative stress) are
downregulated. This could indicate that MVQ1 overexpression potentially induces a stress response
while simultaneously limiting photosynthesis. In case of genes associated with ribosome biogenesis
some representatives are upregulated while others are downregulated in MVQ1 OE, which possibly

indicates a change in ribosome composition.

3.4.4. Impact of MVQ1 on the transcriptome after MAMP-treatment

One major aim of the present work was to investigate the influence of MVQ1 on MAMP-induced
changes in the transcriptome. In this context, gene expression profiles of plants that were infiltrated
with flg22 (1 uM) for 1 h were compared to transcriptomes of plants of the same genotype after water
infiltration.

In WT plants, flg22 treatment for 1 h led to upregulation of nearly 1000 genes. At the same time 454
genes were downregulated compared to water control (Fig. 21).

The upregulated genes were highly enriched for GO terms typically associated with MTI (e.g. “defence
response”, “response to fungus, bacterium, oomycete”, “respiratory burst”, “cell death” etc.), while
downregulates genes were enriched for GO terms related to growth and metabolism (Tab. S12). This
result resembles transcriptomic responses to flg22 treatment that have been described before
(Denoux et al. 2008) thereby confirming that the deployed flg22 was active.

In mvq1 plants, 80 % of flg22-activated genes in WT were upregulated as well. Additionally, 385 genes
with enriched GO terms related to defence response (Tab. S14) were specifically upregulated after
flg22 treatment in the mvgl background. This underpinned the similarity of responses to flg22 in WT
and mvq1 (see Tab. 4), and suggests that mvgl might even be slightly hypersensitive to flg22, since
more genes are upregulated upon flg22 treatment compared to WT.

In contrast the MVQ1 OE line did not react strongly to flg22 treatment. Only 23 % (233) of the genes
upregulated in WT by flg22 are upregulated in MVQ1 OE as well. There were 160 additional genes
upregulated by flg22 in MVQ1 OE, but GO-enrichment analysis revealed, that a large fraction of these

genes is encoding proteins involved in photosynthesis and translation (Tab. S15). The majority of these
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genes emerged as upregulated in the flg22/water comparison because they were downregulated in

MVQ1 OE vs. WT under control conditions and returned to “WT-level” after flg22-treatment.

WT mvgl WT MvQ1l OE
746 160
344 294

Fig. 21 Comparison of differentially expressed genes in flg22- vs. water treated plants from different
genotypes: VENN diagrams show the number of DEGs in flg22-treated samples versus the water control of the

same genotypes. WT is compared to mvq1 (left) and MVQ1 OE (right). Circle sizes are proportional to number of
DEGs. Red numbers indicate up-, blue numbers downregulated genes. Overlapping regions contain genes that
are differentially regulated in both respective phenotypes.

These results support our hypothesis that MVQ1 might act as a suppressor of MAMP-induced defence
genes expression. To investigate potential “targets” of suppression by MVQ1, focus was set on those
genes that were upregulated by flg22 in WT, but failed to be induced in MVQ1 OE.

To this end, all differentially regulated genes between the treatments (flg22, water) in a given
genotype (WT, MVQ1 OE) or between genotypes under a given treatment (total 2596 genes), were
subjected to hierarchical clustering analysis. Z-scores were calculated and the scaled data was
hierarchically clustered in the TIGR-MEV software. Relative changes in gene expression between WT
and MVQ1 OE after water or flg22 treatment were visualised in a heatmap (Fig. 22). The 2596 genes
were grouped into 29 clusters according to similarity in gene expression profiles. Expression of genes
of interest should be highly induced after flg22 treatment in WT compared to water treatment, but
should not be or only weakly induced by flg22 in the MVQ1 OE line. Four distinct gene clusters met
these criteria.

Despite generally similar expression profiles, the four clusters displayed slight differences in expression
patterns. For example, the expression of genes from the green cluster in the MVQ1 OE line is hardly
affected by flg22 treatment, while expression of genes in the yellow cluster is even lower in MVQ1 OE
lines upon flg22 treatment compared to the respective water control (Fig. 22).

Taking all four clusters together, 404 genes could be identified for which flg22-induced activation was
suppressed inthe MVQ1 OE line (see file 4 of supplementary data on CD). The gene set contains several
RLKs (e.g. FRK1, BAK1, WAKL2, 3, 7, seven different cysteine-rich RLKs and ten lectin RLKs), intracellular
receptors (11 TIR-type and 2 CC-type NLRs), transcription factors (e.g. WRKY45, WRKY47, WRKY53,
bZIPs, bHLHs, MYBs, ERF14), elicitor peptide precursors (PROPEP2, 3) and important defence signalling
components such as EDS1, PAD4 and NPR1.
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Fig. 22 Hierarchical clustering analysis of genes regulated by MVQ1 and/or flg22: Scaled expression data of
2596 genes, that are differentially regulated in MVQ1OE (K11) vs. WT or flg22 vs. H,0. Each row represents a
gene with z-scores representing relative expression levels on a colour scale, blue = low expression (-2), red =
high expression (2). Left panel: Hierarchical clustering was performed using Pearson correlation and average
linkage clustering in TIGR-MEV. Tree branches leading to distinct clusters are highlighted in purple. Four
identified clusters of interest are marked by coloured blocks. Middle panel: Gene expression heatmaps of
selected clusters (increased magnitude). Right panel: Summary of gene expression profiles for selected clusters.
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Tab. 5 lists a selection of prominent defence-related genes, which were suppressed in MVQ1 OE.
Typical early defence marker genes like FRK1, NHL10 and GST1 were also present in this list, which is
in line with results from promoter activation assays that demonstrated MVQ1-mediated suppression
of flg22-induced activation of pNHL10 and pGST1 (see 3.2.1, 3.2.3). These results illustrate that MVQ1
overexpression might negatively affect expression of genes involved in defence-related signalling on
different levels from receptors to transcription factors.

Tab.5 Selected flg22-activated genes that are suppressed in MVQ1 OE: Genes highlighted in grey were used

for validation by g-PCR. FC = fold change; Cluster = corresponding coloured clusters used in Fig. 22 (b = blue, g =
green, r = red)

FC 1h fig22 L.
Gene ID Gene name Description Cluster
WT mMvQl OE
AT2G19190 FRK1 27.17 2.47 receptor-like kinase; defence signalling b
AT2G35980 NHL10 7.03 2.72 induced during defence responses and senescence b
AT4G23810 WRKY53 6.21 1.15 WRKY transcription factor; resistance against bacteria g
AT2G32680 RLP23 6.19 1.30 receptor-like protein; defence signalling b
AT5G64905 PROPEP3 5.88 2.31 elicitor peptide 3 precursor b
AT5G57220 CYP81F2 5.41 2.52 Cytochrome P450; indole glucosinolate biosynthesis b
AT1G02930 GST1 4.25 1.75 Glutathione-S-transferase 1; defence response g
AT1G22070 TGA3 4.03 1.97 bZIP transcription factor; NPR1-interactor b
AT3G48090 EDS1 3.41 2.24 lipase-like gene; defense signal transduction b
AT4G33430 BAK1 3.25 2.50 receptor-like kinase; defence signalling b
AT1G64280 NPR1 2.43 1.44 key regulator of SA-mediated systemic acquired resistance g
AT3G25070 RIN4 231 1.41 RPM1 interacting protein 4 g
AT1G18570 MYB51 2.16 0.88 transcriptional regulator of indole glucosinolate biosynthesis r
AT3G52430 PAD4 2.11 0.96 lipase-like gene; defense signal transduction; EDS1 interactor r
AT4G16890 SNC1 1.77 1.08 TIR-NB-LRR-type resistance protein r

Results from the microarray analysis support the notion of MVQ1 as a negative regulator of MTI. Since
MVQ1 interacts with WRKYs, dampening of transcriptional response to flg22 by MVQ1 may occur via
WRKYs. If that is true, one would expect enrichment of W-boxes in promoters of the 404 identified
genes suppressed by MVQ1. The gene list was therefore subjected to Pscan, a tool that scans promoter
sequences for overrepresentation of known TF-binding motifs. Binding motifs of 43 different WRKYs,
which all contain the core W-box (TTGAC[T/C]) are most over-represented with p-values in the range
of 10 to 10! The database used by Pscan contains motif information for single TFs and does not
pool members of a family even if the binding motifs are nearly identical. Apart from W-boxes, Pscan
identified binding sites for bZIPs, so called G- and C-boxes, ([G/C]JACGT) and binding sites for zinc-finger
proteins of the C2H2-type (AAAG). Those are over-represented with p-values between 10°to 5*10™.
For a detailed list of all identified TF-binding motifs (see Tab. S16).
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3.4.5. Validation of potential MVQ1-suppressed defence genes by qRT-PCR

In order to validate MVQ1-suppressed defence-related genes identified by microarray analysis with an
additional method, four of those genes were selected (Tab. 5) and analysed by gRT-PCR in a set of
independently grown plants. A second independent MVQ1 OE line (K42) was included in the analysis,
to exclude that the observed changes in gene expression are caused by position effects of the
transgene in MVQ1 OE (K11). Plants were infiltrated with water or flg22 (1 uM) and samples were
taken 1 h and 2 h after treatment. Following isolation of RNA, cDNA was synthesised and subsequently
subjected to qRT-PCR. For the analysis of K11 plants samples treated for 1 h or 2 h with flg22 or water
were generated in a single experiment. Due to a limited number of K42 plants in the initial experiment,
samples were generated in two separate experiments: one in which all plants (Col-0, K42) were
harvested 1 h after treatment with flg22 or water and another one, in which samples were taken 2 h
after treatment (see individual plots for 1 h and 2 h in this line Fig. 23).

MVQ1 overexpression in samples from both MVQ1 OE lines was examined by gRT-PCR and shown to
range from 10- to 20-fold induction of transcripts compared to WT samples (Fig. S5).

The amount of FRK1 transcript was found to be significantly lower in K11 compared to WT 2 h after
flg22 treatment. In the K42 line FRK1 transcripts accumulated to a lesser extent than in the WT 1 h and
2 h after flg22 treatment as well as 2 h after water treatment. NHL10 transcript levels were lower in
both MVQ1 OE lines (K11, K42) compared to WT 2 h after treatment with flg22. Transcript levels of
RLP23 did not differ significantly between WT- and K11-samples at any time point, while in K42 samples
they were significantly lower 2 h after treatment with water and flg22 compared to WT. In K11 plants,
induction of PROPEP3 transcripts was significantly reduced 2 h after flg22 treatment in comparison to
WT, while in K42 plants significantly lower PROPEP3 transcript levels were observed 1 h after flg22
elicitation.

The gRT-PCR results confirmed that flg22-mediated induction of FRKI1, NHL10 and PROPEP3 is
suppressed in the MVQ1 OE K11 line. In contrast to the microarray, in which those genes were
suppressed already 1 h after treatment with flg22, significant differences to WT samples could only be
observed 2 h after flg22 treatment. Suppression of RLP23 induction on the other hand could not be
confirmed by qRT-PCR in the K11 MVQ1 OE line.

Flg22-induced transcriptional activation of all four tested genes was suppressed in a second
independent MVQ1 OE line (K42) with significantly lower transcripts of FRK1, NHL10 and RLP23 at2 h
after flg22 treatment and lower transcripts of PROPEP3 1 h after flg22 elicitation. Despite differences
in timing of the response, transcript quantification by qRT-PCR largely confirmed the microarray data
on suppression of flg22-induced activation of defence-related genes by MVQ1 overexpression in two

independent plant lines.
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Fig. 23 Expression analysis of selected genes in two MVQ1 OE lines after flg22 treatment by qRT-PCR: WT
(Col-0) and plants from two independent MVQ1 OE lines (K11 and K42) were infiltrated with 1 uM flg22 or water
as a control and samples were harvested after 1 h and 2 h. RNA was extracted for subsequent cDNA synthesis
and analysis by qRT-PCR. PP2A served as a reference gene. For Col-0/K11 comparison, samples were derived
from one experiment. For Col-0/K42 comparison, samples were derived from two independent experiments (one
experiment for each time point) and therefore measured independently (see individual y-axis). Data is shown as
mean and SEM, n > 5. Asterisks indicate statistically significant differences between Col-0 and respective MVQ1
OE plants (unpaired two-tailed t-test after logz transformation, * p < 0.05, ** p <0.01, *** p £0.001, ns — not
significant).
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3.5 Influence of MVQ1 on DNA-binding of WRKYs

The presented transcriptomic data corroborates the hypothesis that MVQ1 might act as a negative
regulator of MTI. It raises the subsequent question of how MVQ1 suppresses expression of MAMP-
activated genes. Considering that MVQ1 interacts with WRKYs (3.3) and is able to antagonise WRKY-
mediated promoter activation (3.2.4) it is tempting to speculate that WRKYs are involved in MVQ1-
mediated suppression of gene expression. One possible scenario could be that MVQ1-WRKY
interactions might change properties of WRKYs and hence interfere with DNA-binding or

transcriptional activity.

3.5.1. EMSAs reveal interactions of MVQ1 with DNA-bound WRKY33

To address the question, whether presence of MVQ1 alters DNA-binding properties of WRKYs, an
electrophoretic mobility shift assay (EMSA) was employed. A W-box containing sequence from the
parsley PR1-1 promoter called W2 (Rushton 2002) was used as a DNA-probe. His-tagged full-length
WRKY33 was expressed in E. coli as a NusA-fusion to promote solubility (pMCSG48-vector) and
extracted for subsequent purification and dialysis. Purified WRKY33 or His-tagged NusA from the
empty vector (EV) control were incubated with Cy5-labelled W2-probe and analysed by EMSA.
Immunoblot analysis showed that full length proteins were expressed (Fig. 24 C). In case of EV and
WRKY33 additional bands of lower molecular weight were present in the purified extracts. These lower
bands might represent degradation products.

When no protein was present, the labelled DNA probe ran through the gel and could be found at the
bottom of the gel (free probe). Incubation with WRKY33 (4 ug) resulted in retardation of a proportion
of the probe in the gel causing a band shift and suggesting interaction between WRKY33 and the W2-
probe (Fig. 24 A). Incubation with the EV control that contained His-tagged NusA did not lead to
retardation of the probe demonstrating that WRKY33 and not NusA is binding to the DNA.

Interaction of WRKY33 with the W2-probe is concentration-dependent since higher amounts of
WRKY33 resulted in stronger signals of the bound probe (quantification in Fig. 24 D). Pre-incubation of
WRKY33 with unlabelled W2-probe in 40-fold excess drastically reduced signal intensity of the shifted
band thus showing that WRKY33 binds the unlabelled W2-probe too. Mutation of the W-box in the
W?2-probe abolished retardation in the gel emphasising its requirement for interaction with WRKY33
(Fig. 24 B).

Pre-incubation of WRKY33 with MVQ1 resulted in a slightly stronger retardation of the probe which

was more pronounced when increased concentrations of MVQ1 were used. The observed “supershift”
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indicated that the protein bound to the probe was larger than WRKY33 alone and might be explained
by formation of a WRKY33-MVQ1-DNA complex. MVQ1® was not able to induce a supershift

demonstrating that MVQ1-WRKY-interaction is required for supershift formation.
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Fig. 24 MVQ1 binds to a WRKY33-DNA complex: (A) EMSA of Cy5-labelled W2-probe incubated with different
amounts of WRKY33 and empty vector (EV) as control. Numbers indicate amount of WRKY33 in pg. Last lane
shows competition with 40-fold excess of non-labelled W2-probe. (B) EMSA of Cy5-labelled W2-probe incubated
with WRKY33 (8 pg) and EV (8 ug) in presence or absence of MVQ1/MVQ1°. Numbers indicate amount of
MVQ1/MVQ1P in pg. In lane 4 WRKY33 was incubated with Cy5-labelled W2-probe harbouring a mutated W-
box (W2-mut). Similar results like (A) and (B) were obtained in three independent experiments. (C) E. coli protein
extracts were purified using Ni-NTA and subjected to SDS-PAGE followed by immunoblot analysis with anti-His.
Black triangle highlights band for full-length NusA-WRKY33 fusion and grey triangle indicates band of His-tagged
NusA in the empty vector control. (D) Quantification of EMSA signals was performed using ‘ImageQuant’. Areas
of same size around the bound probe band were used for signal quantification. Upper diagram displays band
intensities for (A) and lower diagram for (B).
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When MVQ1 or MVQ1P°" were incubated with the EV control and the W2-probe without WRKY33, no
retarded band was observed, suggesting that these proteins are not able to bind the W2-probe
directly.

Quantification of the signal, for which areas around the defined bands were included, did not reveal
strong differences between samples that contained WRKY33 alone, together with MVQ1 or MVQ1®*
respectively. Thus, MVQ1 did not seem to interfere with the DNA-binding ability of WRKY33 but rather

seemed to interact with WRKY33 at the DNA in a complex.

3.5.2. MVAQ1 stimulates binding of some WRKY-domains to DNA

Quantification of EMSA signals did not reveal any reduction of DNA binding of WRKY33 in the presence
of MVQ1. To corroborate these results with a quantitative assay, a modified DNA-protein-interaction
enzyme-linked immunosorbent assay (DPI-ELISA) as described by Brand et al. (2010) was performed.
This assay allows GFP-based detection of binding of proteins of interest to respective DNA probes.

To this end, biotinylated DNA-probes containing an intact W-box (W2) or a mutated version (W2™*)
were immobilised on a streptavidin-coated plate.

These plates were incubated with E. coli extracts containing recombinant DNA-binding domains (DBD)
of WRKYs from three different subgroups: WRKY11 (group Ild), WRKY33 (group I) and WRKY50
(group lic). WRKY DBDs were expressed with N-terminal GFP- and a C-terminal V5-tag (using the pET-
Dest42m?2 vector, Brand unpublished). After washing, GFP-fluorescence was measured to quantify the
amount of GFP-WRKY DBD fusion protein bound to the DNA probe. Extracts containing WRKY DBDs
were pre-incubated with extracts containing MVQ1 or the mutant version MVQ1®* or EV control to
assess potential influence of MVQ1l on DNA-binding of WRKY DBDs. MVQ1l and MVvVQ1®™ were
expressed with C-terminal His- and V5-tags in E. coli (using the pET-Dest42 vector, Brand et al. (2010)).
Like all group | WRKYs, WRKY33 has an N-terminal (nDBD) and C-terminal DBD (cDBD). Based on Y2H
data from Cheng et al. (2012), who investigated interaction between MVQ1 and WRKY DBDs, we
expected MVQ1 to interact with WRKY33 cDBD, but not with WRKY33 nDBD or WRKY11 DBD. BiFC
experiments, in which nYFP-WRKY DBD fusions and cYFP-MVQ1 fusions were co-expressed in
protoplasts, confirmed that MVQ1 can interact with WRKY33 c¢DBD, but not with WRKY33 nDBD or
WRKY11 DBD (Fig. S7). Interestingly WRKY50 DBD interacted with MVQ1 as well although full-length
WRKY50 failed to interact with MVQ1 in a Y2H screen (Pecher et al. 2014) .

Bacterial extracts from strains expressing GFP from the EV control were incubated with both DNA
probes to determine background GFP-fluorescence signals in absence of WRKY DBDs (Fig. 25 A). This
low-level background fluorescence was independent of the presence of the W-box in the DNA-probe.

It was also unaffected by pre-incubation with extracts containing MVQ1 or MVQ1°". When WRKY11
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DBD was incubated with the W2-probe, GFP signals were significantly higher compared to samples
incubated with W2-mut, which only reached background levels. Since GFP-fluorescence is a measure
for the amount of tagged protein, which is bound to the DNA probe, this result shows that WRKY11
DBD specifically interacts with the W2-probe harbouring an intact W-box. Pre-incubation of WRKY11
DBD with extracts containing MVQ1 or MVQ1P®* did not result in altered GFP-fluorescence when
compared to the corresponding EV control (Fig. 25 B).

WRKY33 cDBD bound to the W2-probe as indicated by significantly higher GFP-fluorescence compared
to the mutant version. Interestingly the GFP-signal in WRKY33 cDBD samples incubated with W2-probe
was significantly increased after pre-incubation with MVQ1 extract to more than 3-fold in comparison
to MVQ1P® or EV control (MVQ1: 0.836 +/- 0.074 as opposed to EV: 0.240 +/- 0.027 and MVQ1°": 0.247
+/- 0.043) (Fig. 25 C). When using the W2-mut probe no influence of MVQ1 on GFP-fluorescence was
observed. Thus, MVQ1 might promote WRKY33 ¢DBD binding to the W2-probe.
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Fig. 25 Effect of MVQ1 on DNA binding of WRKY DBDs: Crude E. coli extracts containing (A) GFP (EV control)
or GFP-tagged DNA-binding domains (DBD) of (B) WRKY11, (C) WRKY33 cDBD, (D) WRKY33 nDBD or (E) WRKY50
were pre-incubated with bacterial extracts containing MVQ1, MVQ1P° or EV control and incubated with
immobilised W2-probe or W2-mut harbouring a mutation in the W-box. After washing, GFP signal was quantified
to assess the amount of WRKY DBD bound to the probe. Three independent extracts were used in independent
experiments. Bars represent mean values with error bars indicating SEM. Statistically different groups are
denoted by letters (One-way ANOVA, Bonferroni multiple comparison post-test p < 0.05). (F) Bacterial protein
extracts were subjected to SDS-PAGE and immunoblot analysis using antibodies against GFP (WRKY DBDs) or the
V5 epitope (MVQ1)
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Extracts containing WRKY33 nDBD displayed GFP-fluorescence above background level when
incubated with the W2-probe, suggesting DNA-protein interaction. Pre-incubation with MVQl
however, did not have any effect on GFP fluorescence of WRKY33 nDBD in comparison with the
controls (Fig. 25 D).

In the case of WRKY50 DBD, GFP fluorescence was not statistically different between samples that
were incubated with the W2-probe and those incubated with W2-mut in presence of EV. However, in
the presence of MVQ1 extract and the W2-probe, GFP-fluorescence is higher and statistically different
suggesting interaction between WRKY50 DBD and the W2-probe. This is not the case with the W2-mut
probe or in presence of MVQ1°* extracts.

Thus, it is likely that binding of WRKY50 DBD to the W2-probe is weak (and therefore prone to type Il
statistical error) and is only detectable, when enhanced by including MVQ1.

Two DNA-probes derived from AtNHL10 promoter and a third from AtWRKY33, which contain one W-
box each, were tested in an additional experiment to exclude generation of artefacts by use of the
parsley-derived W2-probe. All three probes and the W-box mutant versions were incubated with
WRKY33 cDBD extracts after pre-incubation with MVQ1, MVQ1° or EV extracts respectively. WRKY33
cDBD interacted specifically with a W-box containing probe derived from the NHL10 promoter (W1)
and the interaction was stimulated in presence of MVQ1, while in the case of W2 from pNHL10 and
W2 from pWRKY33 interaction with WRKY33 cDBD was detected after pre-incubation with MVQ1
exclusively (Fig. S8).

Taken together these results suggest, that presence of MVQ1 might increase binding ability of some
WRKY DBDs to their target sequence or in case of WRKY50 DBD enabling them to bind in the first place.
Interaction between MVQ1 and WRKY DBDs is apparently necessary for MVQ1-induced increased
binding to the target sequence since this effect was only observed for WRKY DBDs, which interact with
MVQ1. The importance of MVQ1-WRKY DBD interaction is further supported by the fact that MvVQ1®*
fails to stimulate DNA binding of WRKY DBDs.

3.5.3.  MVQ2-6 can also stimulate binding of WRKY33 cDBD to DNA

The presented results raised the question, whether MVQ1 is the only MVQ, which is able to stimulate
binding of WRKY DBDs to DNA. To investigate this, interaction of WRKY33 cDBD with W2 or W2mut
probes was analysed after pre-incubation with MVQ2-6 and or respective EV and MVQP®" controls.
Additionally MVQ8 was included, since this MVQ (in contrast to MVQ1-6) does not interact with
WRKY33 in BiFC assays (Weyhe, unpublished) or Y2H (Pecher et al. 2014).

The low background signals caused by incubation of EV (GFP) crude extract with the probes was

comparable to those from previous experiments (Fig. 25 A) and not affected by pre-incubation with

59



Results

any of the MVQs (Fig. 26 A). All tested MVQs except MVQS8 were stimulating or rather enabling binding
of WRKY33 cDBD to the W2-box compared to respective EV or MVQP* controls (Fig. 26 B). The W2-mut
probe was not bound by WRKY33 cDBD even in presence of MVQs. Immunoblot analysis of the
bacterial extracts showed that protein amounts of native MVQs and the respective MVQP's were
usually comparable (Fig. 26 C). In contrast, the amount of different MVQs in the extract differed
considerably (e.g. MVQ5 vs. MVQ6) suggesting that direct quantitative comparisons between different
MVQs concerning their ability to promote binding of WRKY33 cDBD to the W2-probe are inept.

These results illustrate that stimulation of WRKY DBD-DNA-interaction might be a general feature of

several MVQs and that ability of MVQs to interact with WRKY is an essential prerequisite.
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Fig. 26 Effect of different MVQs on DNA binding of WRKY33 c¢DBD: Crude E. coli extracts containing (A) GFP
(EV control) or GFP-tagged C-terminal DNA-binding domain (cDBD) of WRKY33 (B) were pre-incubated with
bacterial extracts containing MVQ2-6, MVQ8, respective MVQPt-versions or EV control and incubated with
immobilised W2-probe or W2-mut harbouring a mutation in the W-box. After washing, GFP signal was quantified
to assess the amount of WRKY DBD bound to the probe. Three independent extracts were used in independent
experiments. Bars represent mean values with error bars indicating SEM. Statistically different groups are
denoted by letters (One-way ANOVA, Bonferroni multiple comparison post-test p < 0.05). (C) Bacterial protein
extracts were subjected to SDS-PAGE and immunoblot analysis using antibodies against GFP (WRKY33 cDBD) or
the V5 epitope (MVQs)
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3.6 Potential MVQ1 targets identified by Chromatin Immunoprecipitation (ChIP)

EMSA results showed that MVQ1 can be in a complex with DNA through interaction with WRKY33.
Therefore, it seemed feasible to use MVQ1 OE plants for chromatin immunoprecipitation (ChIP)
experiments, which allows identification of DNA sequences associated with MVQ1. To see potential
changes in DNA-association of MVQ1 after MAMP-treatment samples were treated with 1 uM flg22
for 1 h or with media as control treatment. First, expression of c-Myc-tagged MVQ1 in seedlings from
the MVQ1 OE line K11 was confirmed for the chosen conditions (Fig. 27 A). ChIP-seq analysis was
performed by Dr. R. Birkenbihl in the group of Prof. Dr. |. Somssich at the MPIPZ in Cologne (2.2.20).
Basically, seedlings of WT (Col-0) and MVQ1 OE (K11) were grown in sucrose-supplied MS-medium at
long-day conditions and after 12 days treated for 1 h by media exchange with medium containing flg22
(1 uM) or control medium. For ChIP, samples were subjected to cross-linking followed by chromatin
extraction, sonication and immunoprecipitation. The precipitated DNA was purified and processed for
library construction and subsequent sequencing. Potential MVQ1-associated regions were identified
using the QUEST program searching for DNA-regions enriched in sequencing reads in the MVQ1 OE line
compared to WT control.

In the control samples, 220 binding sites could be detected that corresponded to 220 distinct target
genes, while in flg22-treated samples 36 binding sites and target genes were detected of which 24
were also identified in control samples (Fig. 27 B, complete list in file 5 of supplementary data on CD).
Manual inspection of binding sites in the Integrative Genomic Viewer (IGV) browser (Thorvaldsdottir,
Robinson, and Mesirov 2013) revealed that the number of sequence reads at binding sites is reduced
in flg22-treated samples compared to the control (see example Fig. 27 C). Upon closer inspection of
the 12 binding sites exclusive to the flg22-treated samples in the IGV browser, these sites had
comparable or even higher numbers of sequence reads in control samples. Thus, possibly due to
stringent peak calling parameters used, these sites may have been missed being classified as MvVQ1l
targets in the control sample.

These findings indicate that flg22-treatment does not lead to an exchange of MVQ1-targets but in
general negatively affects binding of MVQ1 to DNA-targets, most likely through changes in its
interaction with WRKY TFs.
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Fig. 27 ChIP-seq reveals target genes bound by MVQ1 in MVQ1 OE line: (A) Seedlings (Col-0; MVQ1 OE K11)
were grown in medium (1/2 MS + 0.5 % Sucrose) at long-day conditions. After 12 d seedlings were treated with 1
UM flg22 or media control for 1 h and subsequently subjected to protein extraction, SDS-PAGE and immunoblot
analysis using c-Myc antibody. Arrow indicates bands that could correspond to phosphorylated MVQ1. (B) VENN-
diagramm displays target genes identified in control (red) and flg22-treated samples (green) by ChlP-seq analysis.
(C) Integrative Genomic Viewer (IGV) image of MVQ10 (AT1G78310) locus with read coverage histograms
indicating binding of MVQ1 in WT (blue) and MVQ1 OE samples (green) in control conditions or upon flg22
treatment. 5™ row displays gene structures and location of W-boxes is marked by blue lines (last row).

In support of a role of MVQ1 in transcriptional regulation, most of the binding sites were found in
promoter regions (57 % in annotated 1000 bp promoters) compared to genomic sequences (27 %).

To identify DNA-motifs within the MVQ1 binding region CentriMo motif search was employed by Dr.
B. Kracher (MPIPZ, Cologne) searching 500 bp around MVQ1 binding peaks. W-boxes were identified
in 87 % of MVQ1 binding sites (Fig. 28 A) and they were highly enriched in close proximity to the binding
peak of MVQ1 (central enrichment). Additionally, C-boxes which are binding sites of bHLH and bZIP
TFs were identified in 57 % of MVQ1 binding sites but central enrichment was much lower compared

to W-boxes (Fig. 28 B). These data indicate that MVQ1 interacts with DNA at W-boxes most probably
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Fig. 28 Motifs present in MVQ1 binding regions: Motif position probability graphs were generated using
CentriMo motif search in MVQ1 binding site 500 bp regions. Data was generated by Dr. B. Kracher (MPIPZ,
Cologne). Identified motifs belonged to W-box (A) and C-box motifs (B). Graphs display the probability of a
specific motif to occur at a certain position. Numbers in the upper right corner indicate total occurrence rate of
the respective motif family in all binding site areas. Motif sequences and respective central enrichment p-values
are shown beneath the graphs.
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indirectly through interaction with WRKY TFs. bHLH or bZIP TFs could also be involved in regulation of
some MVQ1 targets since their DNA-binding motif (C-box) was identified as well in MVQ1 binding sites.
Analysis of all 232 identified MVQ1 target genes with regard to involvement in biological processes
revealed overrepresentation of GO terms related to defence (“response to chitin®), signalling
(“response to hormones”, “protein phosphorylation”, “regulation of transcription”) and “response to
stress” (Tab. S17).

Tab. 6 lists some selected MVQ1 target genes with known function. A closer look at the target list
revealed 37 MVQL1 target genes coding for TFs of which ERFs constitute the biggest group (10) followed
by WRKYs (7) and Zinc-finger proteins (5). Interestingly MVQ10 and TPL, both transcriptional co-
regulators are also MVQ1 targets. Furthermore, 13 RLKs and 2 RLPs are among the MVQL1 target genes.
These results illustrate that MVQ1 probably binds to genes that are mainly involved in detection of
stimuli and in transcriptional regulation.

Tab. 6 Selected target genes of MVQ1: Listed is a selection of genes, which are close to MVQ1 binding peaks

in untreated MVQ1 OE line samples. Location of the binding peak and the respective ChIP-score, which is a
measure of confidence, are indicated.

AGI number Gene name peak location score ChIP Description

AT4G18170 WRKY28 intergenic 30.10 WRKY transcription factor 28
AT4G17500 ERF1 intergenic 25.09 Ethylene-responsive binding factor 1
AT1G78310 MvQio promoter-TSS 21.89 VQ motif-containing protein
AT4G24240 WRKY7 exon 3 16.88 WRKY transcription factor 7
AT2G23320 WRKY15 intergenic 15.39 WRKY transcription factor 15
AT2G17120 LYM2 promoter-TSS 15.28 LysM domain-containing GPl-anchored protein 2
AT5G49520 WRKY48 intergenic 14.82 WRKY transcription factor 48
AT4G01720 WRKY47 promoter-TSS 14.03 WRKY transcription factor 47
AT1G27730 ZAT10 intergenic 13.68 Zinc finger protein STZ/ZAT10
AT5G46350 WRKY8 promoter-TSS 13.11 WRKY transcription factor 8
AT2G38470 WRKY33 promoter-TSS 12.31 WRKY transcription factor 33
AT5G25910 RLP52 promoter-TSS 12.09 Receptor-like protein 52

AT1G15750 TPL promoter-TSS 11.86 TOPLESS; transcriptional repressor
AT4G34390 XLG2 promoter-TSS 11.52 extra-large GTP-binding protein 2
AT3G07040 RPM1 promoter-TSS 10.18 Resistance to P.syringae maculicola 1

Among the 232 MVQ1 target genes that were identified by ChIP-seq was WRKY33, for which
suppression of promoter activity by MVQ1 overexpression was demonstrated in promoter activation
assays (see 3.2.3). This suggests, that MVQ1 might suppress flg22-induced activation of the WRKY33
promoter by binding to it, probably indirectly via WRKYs.

Neither other genes tested in the promoter activation assay, nor genes that were confirmed by gRT-
PCR to be suppressed in MVQ1 OE lines after flg22 treatment (see 3.4.5), were identified by the peak
calling algorithm as MVQ1 targets. These loci were thus manually inspected in the IGV browser for

MVQ1 binding peaks, which were possibly filtered out during peak calling (false negatives).
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Inspection of NHL10, GST1 and ZAT10 revealed MVQ1 binding peaks in the promoter of GST1 and
ZAT10 that were smaller compared to the peak in the WRKY33 promoter but especially in flg22-treated
samples well above WT-background (Fig. 29, 1st row). Interestingly, ZAT10 displayed one high
additional MVQ1 binding peak in the 3’'UTR and another one upstream of the 1000 bp promoter. All
binding peaks were in close proximity to W-boxes. In contrast, no binding peak was observed at the
NHL10 locus.

Of those genes, whose suppression of flg22-mediated induction in MVQ1 OE lines was confirmed by
gRT-PCR (see 3.4.5), only PROPEP3 showed an obvious MVQ1 binding peak close to W-boxes in the
promoter region (Fig. 29, 2nd row). FRK1 exhibits a small MVQ1 binding peak in the promoter, which
is hardly higher than some background signals in the WT control samples. Based on this data it is
difficult to state whether FRK1 is bound by MVQ1 or not. The RLP23 locus did not display any MVQ1
binding peaks.

In summary, MVQ1 seems to be associated with promoters of WRKY33, GST1, ZAT10 and PROPEP3,
which results in suppression of MAMP-induced activation of these genes.

Loci like NHL10 and RLP23, which are not bound by MVQ1, might be suppressed in MVQ1 OE lines
because MVQ1 binds and suppresses genes encoding components that activate expression of these

loci that hence represent indirect targets.
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Fig. 29 MVQ1 binding to different loci: Integrative Genomic Viewer (IGV) images of ChlP-seq results for NHL10
(AT2G35980), WRKY33 (AT2G38470), GST1 (AT1G02930), ZAT10 (AT1G27730), FRK1 (AT2G19190), PROPEP3
(AT5G64905) and RLP23 (AT2G32680) loci. Read coverage histograms indicate binding of MVQ1 in WT (blue) and
MVQ1 OE samples (green) in control conditions or upon flg22 treatment. 5" row displays gene structures and location

of W-boxes is marked by blue lines (last row).
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3.7 The role of MVQ1 in resistance against Botrytis cinerea

The data presented in this work indicate that MVQ1 negatively affects MAMP-induced activation of
defence-related genes. As a consequence of reduced defence gene expression, defence responses
against pathogen attacks might also be influenced by MVQ1. Resistance to the necrotrophic fungus B.
cinerea has previously been shown to depend on WRKY33 as wrky33 mutants are more susceptible
than WT plants (Zheng et al. 2006; Birkenbihl, Diezel, and Somssich 2012). Since MVQ1 interacts with
WRKY33 and might possibly interfere with WRKY-mediated defence gene activation, we were
interested whether interaction between A. thaliana and B. cinerea is influenced by MvVQl
overexpression.

To address this question, leaves of 5-week old WT-plants and plants from two independent MVQ1 OE
lines were challenged with B. cinerea (strain B05.10) by droplet inoculation with a spore suspension
(10 ul 2 x 10° spores/ml). Disease symptoms became visible between two and three days post infection
(dpi), when necrotic lesions were formed at the inoculation site. The lesions grew further accompanied
by wilting and yellowing of the leaves (Fig. 30 A) until the tissue was macerated at 5 dpi.
Quantification of lesion size revealed a certain degree of variability as indicated by scattering of the
data points in Fig. 30 B. However, line K11 but not line K42 displayed significantly larger lesion
diameters compared to WT already at 3 dpi. At 4 dpi, lesions on leaves of both MVQ1 OE lines were
significantly larger than those on WT leaves. The enhanced disease symptoms observed in both MVQ1
OE lines suggest that they might be more susceptible to this B. cinerea strain than the WT.

Another way to assess the fungal infection process is quantification of fungal biomass by measuring
the amount of genomic fungal DNA at the infection site. To this end, leaf discs (d = 8 mm) were
harvested at the inoculation site at 2 and 3 dpi. After extraction of DNA, BcCUTINASE A (CutA) was
quantified and referenced to a plasmid control, with which samples had been spiked beforehand.

B. cinerea biomass was analysed in three independent experiments (Fig. 30 C). In all three experiments
fungal biomass did not differ between MVQ1 OE lines and WT plants at 2 dpi. Three days after infection
in fungal biomass was higher in the K11 line compared to WT only in one out of three experiments,
while in the K42 line it was significantly lower in one out of three experiments. Apart from those two
cases, no significant differences in fungal biomass compared to WT plants were detected in the MVQ1
OE lines. Overexpression of MVQ1 thus seems to have no effect on B. cinerea (B05.10) biomass during
the timeframe investigated. Analysis of fungal biomass at later time points e.g. 4 dpi, when lesions
sizes significantly differed between WT and MVQ1 OE lines, was hampered by collapse of the harvested

tissue and therefore not feasible with the described method.
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Fig. 30 Infection of MVQ1 OE lines and WT with the fungal pathogen Botrytis cinerea: Plants from two A.
thaliana MVQ1 OE lines (K11; K42) and WT (Col-0) were grown for 5 weeks and infected with B. cinerea (strain
B05.10) by drop inoculation (10 pl of 2*10° spores/ml). (A) Disease symptoms on infected leaves 3 and 4 days
after infection respectively. Six different plants and four leaves per plant were analysed for each time point in
one experiment. Image represents one of four independent experiments with similar results. (B) Quantification
of lesion diameters from 4 experiments (n > 72) using ImageJ. Mean values with SEM (error bars) are displayed
in a scatter dot plot. Asterisks indicate statistically significant differences between WT and respective MVQ1 OE
plants (unpaired two-tailed t-test after log: transformation, *** p<0.001, ns — not significant). (C)
Quantification of fungal DNA by gPCR in infected tissue. Leaf discs (d = 8 mm) from four infected leaves were
harvested and pooled for each of the six plants per genotype and time point, n = 6. DNA was extracted and
spiked with plasmid DNA during extraction. Amount of fungal CUTINASE A was quantified and spiked plasmid
DNA was used as reference. Data is presented as mean values with error bars indicating SEM. Asterisks indicate
statistically significant differences between WT and respective MVQ1 OE plants (unpaired two-tailed t-test after
log> transformation,* p < 0.05, ** p <0.01, ns — not significant). Three independent experiments are shown.
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4. Discussion

4.1 MVQs are potential transcriptional co-regulators of defence genes

Proteins with a conserved VQ-motif (VQs) emerged in the last decade as novel transcriptional co-
regulators of plant development and responses to biotic and abiotic stresses (Jing and Lin 2015). Ten
MVQs constitute a subgroup of the VQ protein family and are phosphorylated by MAMP-responsive
MAPKs MPK3/6. All MVQs (except MVQS8) interact with WRKY TFs from subgroup | and llc in a Y2H
analysis (Pecher et al. 2014).

Hence, MVQs might potentially play a role in transcriptional regulation downstream of MAPKs during
MTI. In line with this hypothesis, results of a defence gene promoter activation assay in protoplasts
gave a first hint that MVQs might be able to modulate flg22-induced activation of defence gene
promoters in a positive (MVQ5 and MVQ8) or negative (MVQ1, 3, 4, 6, 7,9, 10) manner. The subcellular
localisation patterns of MVQs fit to their potential role as transcriptional (Co-) regulators since all of
them can be found in the nucleus; in fact, MVQ7-10 are exclusively nuclear-localised.

The protoplast-based promoter activation assay is a rapid and facile screen for testing effects of
overexpression (i.e. on defence gene promoter activity). However, it presents some drawbacks that
need to be considered and might account in part for variability observed between different
experiments. Generation and transformation of protoplasts imposes stress on the cells. The digestion
of the plant cell wall by fungal enzymes may release cell wall fragments that potentially serve as
DAMPs, which might affect subsequent MAMP response. Furthermore, contamination of protoplasts
with microbes cannot be excluded during non-sterile protoplast preparation. Despite these risks,
experiments in seedlings and protoplasts yielded comparable results in the context of MAMP-induced
Ca?*-influx (Maintz et al. 2014) demonstrating that use of protoplasts in the analysis of MAMP-
triggered responses is generally feasible.

The variability in the promoter activation assays might also be explained by phosphorylation of some
MVQs during handling of protoplasts. This was indicated in immunoblots that displayed mobility shifts
for some MVQs (MVQ1-4). Thus, even in absence of MAMPs a proportion of these MVQs might be
phosphorylated. Phosphorylation of MVQs can negatively affect protein stability as demonstrated for
MVQ1 (Pecher et al. 2014). Other studies reported regulation of subcellular localisation through
phosphorylation of proteins by MAPKs. The heat shock protein HsfA2 is targeted by MPK6, while the
TF VIP1 is a substrate of MPK3 and phosphorylation promotes nuclear localisation of both proteins

(Djamei et al. 2007; Evrard et al. 2013).
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In fact, phosphosite-mutants of MVQ3, MVQ4 and MVQ5 were exclusively located in the nucleus while
the native versions localised to the nucleus and cytoplasm indicating that phosphorylation of these
proteins might promote cytoplasmic localisation. Phosphorylation by MPK3/6 could provide a
mechanism to abolish transcriptional regulation activity of these MVQs by relocalisation out of the
nucleus. On the other hand, it cannot be excluded that mutation of all phosphosites in these proteins
impairs protein folding and leads to localisation artefacts.

In order to enable further functional characterisation of MVQs in plants, T-DNA insertion lines were
analysed to identify plant lines with reduced MVQ expression. However, T-DNA insertion lines with
reduced MVQ expression could only be identified in case of MVQ1, MVQ7 and MVQ8 respectively (Fig.
S11). While this work subsequently focused on the characterisation of MVQ1, the CRISPR-Cas9 system
was used in parallel to generate mvg knock-out mutant lines (selection still in process), which will be a

valuable genetic tool to investigate MVQ functions in the future (for list of gRNA targets see Tab. S7).

4.2 MVQl is a negative regulator of defence gene expression

In order to effectively use limited resources, plants need to prioritise either growth or defence,
depending on external and internal signals (Huot et al. 2014). Negative regulation is therefore
important to fine-tune immune responses and avoid excessive activation of defence, which would
result in reduced fitness.

Consequently, all aspects of MTI from signal perception and transduction to transcriptional regulation
are tightly controlled by negative regulators.

At the level of PRRs the PRR-complex formation prior to ligand binding is inhibited by pseudokinases
like BAK1-INTERACTING RLK 2 (BIR2), which interacts with BAK1 to prevent its association with FLS2 in
absence of flg22 (Halter et al. 2014). Additionally, PLANT U-BOX PROTEINs (PUB12 and PUB13) directly
ubiquitylate FLS2 leading to its degradation and attenuation of flg22-signalling (Lu et al. 2011). Further
downstream, protein turnover of the RLCK BIK1 is promoted by CPK28-mediated phosphorylation
(Monaghan et al. 2014).

Phosphorylation events at the PRR complex, at the RLCKs and in MAPK cascades are crucial for signal
transduction during immune response. Hence, phosphatases that dephosphorylate activating residues
in RLKs, RLCKs or MAPKs are important negative regulators of MTI. For example, PROTEIN
PHOSPHATASE 2A (PP2A) dephosphorylates BAK1 to dampen immunity (Segonzac et al. 2014), while
MAPK PHOSPHATASE 1 (MKP1) negatively regulates MPK6 activity (Anderson et al. 2011).
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Negative regulation of immunity at the transcriptional level can be mediated by action of
transcriptional repressors or the retardation of transcriptional activators in inhibitory complexes.
WRKY33 is kept in such an inhibitory complex together with MPK4 and the VQ protein MKS1 (Qiu, Fiil,
et al. 2008). Upon MAMP elicitation, MPK4 is activated and phosphorylates MKS1, which leads to the
release of MKS1-WRKY33 and activation of WRKY33-targeted genes.

The trihelix TF ASR3 was characterised as a transcriptional repressor of defence gene expression.
Transcriptomic analysis revealed that transcription of most flg22-activated genes is enhanced in asr3,
while flg22-mediated activation is impaired in an ASR3 OE line (Li et al. 2015). In line with these results
the asr3 mutant exhibits enhanced disease resistance to P. syringae. MAMP-triggered phosphorylation
of ASR3 by MPK4 results in increased binding to its target genes (i.e. FRK1) and therefore is part of a

negative feedback loop fine-tuning MTI.

Several lines of evidence provided in the present work support a role of MVQ1 as a negative regulator
of defence gene expression. In protoplasts MVQ1 overexpression lead to suppression of flg22-induced
activation of promoters from four defence-related genes (NHL10, WRKY33, ZAT10 and GST1).
Furthermore, a genome-wide transcriptomic analysis of the response to flg22 in an MVQ1 OE line and
WT plants uncovered 404 genes whose flg22-mediated induction was strongly reduced in the MVQ1
OE line compared to WT 1 h after flg22 treatment. Among those genes were prominent defence
marker genes and signalling components like receptor kinases, NLRs and TFs. Thus, MVQ1 seems to be
involved in repression of a set of flg22-inducible genes. This is reminiscent of ASR3 but unlike ASR3,
MVQ1 does not contain a typical repressor motif and probably acts indirectly via interactions with
WRKYs. Similar to the VQ MKS1, MVQ1 might be part of an inhibitory complex (as discussed in 4.3).
The repressive effect of MVQ1 on many flg22-activated genes explains the previous observation that
flg22-induced resistance against P. syringae is impaired in MVQ1 OE lines (Pecher et al. 2014).
Infection assays with the necrotrophic fungus B. cinerea hinted at a possible negative role of MVQ1 in
resistance of A. thaliana to this pathogen. While necrotic lesions were significantly larger in MVQ1 OE
lines, no significant changes in B. cinerea biomass were detected. However, in two previous
experiments under the same conditions B. cinerea biomass was significantly increased in the MvVQ1
OE line K11 when compared to WT (Fig. S9). Fungal biomass is commonly considered to be a more
accurate measure of pathogen infection since development of disease symptoms (i.e. necrotic lesions)
depends on the physiological status of the plant, which can potentially be affected by MvQl
overexpression (pleiotropic effects).

The lack of a clear susceptibility phenotype in MVQ1 OE lines might be due to use of the B05.10 strain
in this work. This strain can infect Col-0 plants, which are on the other hand fairly resistant against two
other B. cinerea strains: BMM1 and 2100 (Liu et al. 2017). Resistance towards BMM1 and 2100

depends on WRKY33, since the wrky33 mutant is susceptible to these strains. Liu et al. (2017)
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demonstrated that B05.10 is able to hamper the accumulation of WRKY33 on protein and transcript
level during infection, which affects downstream responses like camalexin production. Therefore,
interfering with WRKY33-mediated responses by overexpression of MVQ1 might not strongly affect
growth of this strain as it suppresses WRKY33-mediated responses anyway. It will be interesting to
assess, whether the WRKY33-dependent resistance towards BMM1 or 2100 is affected in MVQ1 OE
lines.

Several VQs (VQ5, VQ12, VQ20, MKS1, JAV1, VQ25 and VQ29) have been reported to negatively
regulate resistance against B. cinerea (Petersen et al. 2010; Cheng et al. 2012; Hu, Zhou, et al. 2013;
Wang, Hu, et al. 2015). The modes of action and involved pathways are barely understood except for
JAV1 (VQ22), which is part of a repressor complex that includes JAZ8 and WRKY51 and supresses JA-
mediated defence responses against herbivores and necrotrophs (Yan et al. 2018).

In contrast SIB1 (VQ23) and SIB2 (VQ19) are positive regulators of WRKY33-mediated resistance
against B. cinerea (Lai et al. 2011). Besides increasing experimental evidence, the significance of VQs
in plant immunity is indirectly supported by the recent identification of NLRs with a VQ-motif as
“integrated domain or decoy” in rice, wheat, apple and rape (Sarris et al. 2016). Integration of the VQ-
motif into NLRs implies that VQs (or a specific VQ) represent virulence target(s) of as yet unknown
effectors. Alternatively, the VQ-motif may dock the NLR to specific chromatin regions through its

interacting endogenous WRKY transcription factor(s).

4.3 The molecular mode of action for MvVQ1

Transcriptomic data generated in the present work supports the notion that MVQ1 is negatively
affecting transcriptional reprogramming during MTI. A major aim was to obtain insights into the
molecular mechanisms that underlie MVQ1 function as a transcriptional co-regulator.

To this end the effects of MVQ1-WRKY interactions on WRKY-DNA binding were addressed in DNA-

protein interaction assays and DNA-targets of MVQ1 were identified by ChIP-seq.

4.3.1 Does MVQ1 affect DNA-binding or transcriptional activity of WRKYs?

MVQ1 interacts with WRKYs from subgroup | and lic as demonstrated by Y2H-assays (Pecher et al.
2014) and interactions were confirmed in planta for selected MVQ1-WRKY pairs using BiFC (see 3.3).
MVQ1Pt, which is unable to interact with WRKYs, fails to suppress the flg22-induced activation of the

NHL10 promoter and in absence of a MAMP stimulus, MVQ1 was able to antagonise WRKY33-
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mediated activation of NHL10. Furthermore, W-boxes are enriched in a set of genes, whose flg22-
mediated induction is suppressed by MVQ1 (Tab. S16). These findings suggest that MVQ1 affects
defence gene expression by targeting WRKY TFs. In order to further corroborate or challenge this
hypothesis, it would be intriguing to analyse transcript levels of flg22-inducible genes in MVQ1°* OE
lines.

A simple model, in which MVQ1 interacts with WRKYs to prevent their binding to DNA and subsequent
activation of transcription, could explain suppression of flg22-induced gene expression in MVQ1l
overexpressing protoplasts and plant lines. As VQs interact with WRKYs in close proximity to the WRKY-
DBD (Cheng et al. 2012), it is tempting to propose that VQ-WRKY interactions sterically interfere with
DNA-binding of WRKYs. Results from Hu, Chen, et al. (2013), who observed decreased DNA-binding of
WRKYS after incubation with MVQ10 (VQ9), support this idea.

In contrast MKS1, SIB1 and SIB2 increase binding of WRKY33 to target DNA, although its transcription-
activating activity was unaffected in plants overexpressing SIB1 (Lai et al. 2011). In a more recent study
Jiang and Yu (2016) demonstrated that WRKY33 and WRKY57 competitively bind to a W-box in the
promoters of JAZ1 and JAZ5 to either repress (WRKY33) or activate (WRKY57) gene expression. SIB1
and SIB2 influenced this competition in favour of WRKY33 (Jiang and Yu 2016).

EMSA experiments showed that MVQ1 (but not MVQ1P®) is part of a MVQ1-WRKY33-DNA complex as
indicated by the occurrence of a supershift of the W-box containing probe when WRKY33 had been
pre-incubated with MVQJ1. Pre-incubation with MVQ1 did not seem to drastically affect binding of
WRKY33 to the probe. Quantitative data from DNA-protein interaction assays on the other hand
suggests that MVQ1 is able to increase DNA-binding of WRKY DBDs significantly. This assay quantified
binding of GFP-tagged WRKY DBDs to immobilised DNA-probes by measuring GFP fluorescence. MVQ1
specifically stimulated DNA-binding of interacting WRKY DBDs. These data imply that MVQ1 does not
inhibit WRKY DNA-binding by steric interference but possibly rather stimulates WRKY DBD-DNA
interactions.

To explain the negative regulation of MTI by MVQ1 in accordance with these results, one could
envision two alternative scenarios. In the first scenario (Fig. 31 A) MVQ1 increases the DNA-binding of
WRKYs, which act as repressors of MAMP-responsive genes, thus inhibiting the replacement of these
WRKY repressors by activators upon a stimulus. This way MVQ1 could influence competition of
different WRKYs for W-boxes as it was suggested for SIB1 and WRKY33/57 competition (Jiang and Yu
2016).

The second scenario (Fig. 31 B) assumes that the transcription activation activity of WRKYs is affected
by the interaction with MVQZ1. Transcription activation requires recruitment of general TFs and RNAPII
to the promoter. A multiprotein complex called mediator connects specific TF (i.e. WRKYs) with RNAPII

and facilitates preinitiation complex formation (Mathur et al. 2011). The mediator complex in plants
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consists of 33 subunits (six of which are plant-specific), which integrate regulatory signals to activate
or repress transcription in response to developmental or stress signals (Yang, Li, and Qu 2016). WRKY33
was demonstrated to physically interact with the mediator subunit MED16 for transcriptional
activation of two defence genes (PDF1.2 and ORA59) during defence response against Sclerotinia
sclerotiorum (Wang, Yao, et al. 2015).

In the second scenario binding of MVQ1 to WRKYs could potentially influence or interfere with the
interaction between WRKYs and the mediator complex to repress activation of transcription.
Information on the 3-dimensional structure of MVQ1 or other VQs, which is lacking until now, could
enable modelling of the structure of VQ-WRKY complexes and would further advance our
understanding of the molecular mode of action of VQs like MVQ1. To decide which of the two
proposed scenarios is better reflecting the in vivo situation, it will be important to determine the
identity of MVQ1-interacting WRKYs (see 4.3.4) using e.g. co-immunoprecipitation (Co-IP) followed by

mass spectrometry analysis and to identify potential connections to the mediator complex.
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Fig. 31 Two alternative models describing the molecular mode of action of MVQ1: (A) MVQ1 interacts with
WRKY repressors to increase their DNA-binding activity resulting in repression of target genes. MAPK-mediated
phosphorylation and subsequent degradation of MVQ1 or its dissociation from the complex negatively affects
DNA-binding of the WRKY. WRKYs can subsequently be substituted by other WRKYs with different transcriptional
activity. (B) MVQ1 interacts with WRKYs, which are acting as transcriptional activators, to prevent their
interaction with the transcriptional machinery. MAPK-mediated phosphorylation and subsequent degradation
of MVQ1 or dissociation from the complex allows the WRKYs to activate transcription by recruiting the
transcriptional machinery (Mediator complex and RNA-Polymerase ).
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4.3.2 MVQ1 is associated with target gene promoters via WRKYs

Engagement of MVQ1 in a complex with WRKY33 and DNA-probe in vitro prompted the investigation
of potential DNA targets of MVQ1 by ChIP-seq analysis of MVQ1 OE plants. MVQ1 binding peaks
corresponding to 220 genes in untreated samples and 36 genes in flg22-treated samples respectively
were identified. This dataset represents the first experimental evidence of association of a VQ with
DNA in planta.

The search for motifs in the DNA sequences close to MVQ1 binding peaks revealed that W-boxes are
present in 87 % of the targets and strongly enriched at the centre of the binding peak, suggesting
indirect binding of MVQ1 to DNA mainly via WRKYs. In fact, comparison of the 220 MVQ1 targets with
in vivo ChlIP targets of WRKY18, WRKY33 and WRKY40, which were identified by Birkenbihl, Kracher,
and Somssich (2017) showed considerable overlap of 111, 102 and 115 genes respectively. Analysis of
the 25 MVQ1 targets with the highest ChIP-score integrating ChIP-seq data for WRKY18, WRKY33 and
WRKY40 as well as targets, which were precipitated with an anti-all WRKY antibody that recognises at
least 27 different WRKYs (Birkenbihl et al. 2018) showed that all of those MVQ1 binding peaks
correlated with WRKY binding peaks at the same position (Fig. S10). In most cases the targets were
targeted by all three WRKYs (2 h after flg22 treatment), but there are examples of MVQJ1 targets like
MVQ10 that are only bound by WRKY33, whereas others are targeted by WRKY18 and WRKY40 but
not WRKY33 (Fig. S10).

C-boxes, which can be bound by bZIP and bHLH TFs, are present in 57 % of MVQ1 binding regions and
also enriched at the peak centre but with lower p-values compared to W-boxes. MVQ1 could therefore
potentially also be associated with DNA-bound bZIP and bHLH TFs, although evidence for physical
interaction between these proteins and MVQ1 is lacking so far. On the other hand VQ29 was reported
to interact with the bHLH TFs PIF1 and PIF3 (Li, Jing, et al. 2014) while VQ18 and VQ26 interact with
the bZIP ABIS.

Comparison of the identified MVQ1 target genes with RNA-seq data from Birkenbihl, Kracher, and
Somssich (2017) that were generated under conditions comparable to the ChIP-seq experiment (as
opposed to microarray data in this work) demonstrated that 118 of the 220 genes targeted by MvQ1l
are upregulated (> 2 fold) 1 h after flg22 treatment in WT plants, while only 5 are downregulated
illustrating that MVQ1 mainly targets flg22-inducible genes.

As MVQ1 overexpression negatively affected flg22-mediated induction of 404 genes (see 3.4.4) the
question, whether these genes are directly targeted by MVQ1 arises. Comparison of both gene lists
uncovered little overlap between the 404 genes and the 220 MVQ1 targets since only 14 genes are
targeted by MVQ1 and display reduced flg22-mediated induction in MVQ1 OE plants. This could partly

be attributed to differences of the experimental systems (seedlings in liquid culture vs. leaves of adult
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soil-grown plants). Apart from that, MVQ1 might target genes coding for signalling components, whose
altered transcript levels in turn affect flg22-induced activation of other genes, which would hence be
indirect targets of MVQ1.

Furthermore, additional MVQ1 targets might not have been identified by the ChIP algorithm due to
stringent peak calling parameters. Manual inspection of genes, whose flg22-induced activation was
suppressed by MVQ1 overexpression either in promoter activation assays (3.2.1 & 3.2.3) or in gRT-PCR
experiments (3.4.5) revealed additional MVQ1 binding peaks that were missed during automated peak
calling (Fig. 29).

PROPEP3 and three of the promoters tested in the activation assays (pWRKY33, pGST1, pZAT10) are
direct targets of MVQ1. In contrast pNHL10 seems not to be a direct MVQ1 target. But since NHL10
transcripts levels are lower in MVQ1 OE lines after flg22 treatment compared to WT, it might be an
indirect target. Requirement of additional regulators for control of pNHL10 might also explain higher
variability of the suppressive effect of MVQ1 on pNHL10, when compared to the three promoters,
which are directly targeted by MVQ1.

The 232 MVQ1 targets (220 in control samples, 12 additional ones in flg22-treated samples, see file 5
of supplementary data on CD) identified by the algorithm probably represent only the tip of the iceberg
since manual data inspection led to the identification of additional binding peaks. The fact that MvVQ1
most likely does not interact directly with target DNA aggravates problems in efficient crosslinking and
hence makes ChIP-seq a challenging task. The ChIP-seq analysis was performed with two replicates,
but in the second replicate ChIP-seq failed, due to insufficient amount and quality of recovered DNA.
Thus, all results need to be treated with caution until validation by another ChlIP-seq replicate or ChIP-
gPCR. Nevertheless, the ChIP-seq data set strongly suggests that MVQ1 is associated with some flg22-
inducible genes via WRKY TFs mainly in promoter regions to repress transcriptional activation.

Additional indirect target genes might be modulated by MVQ1-targeted regulators.

4.3.3 Regulation of MVQ1 activity by MAPKs

MVQ1 is phosphorylated by the MAMP-responsive MAPKs MPK3 and MPK6 and MVQ1 levels are
reduced upon treatment with flg22 (Pecher et al. 2014). Phosphorylation of MVQ1 by the two MAPKs
triggers its degradation as indicated by increased stability of an MVQ1 variant, in which all
phosphosites were mutated. Degradation of repressors is a common strategy to ensure rapid
activation of preformed signalling modules.

There are for instance striking similarities to innate immune responses in mammals that involve the
NFkB TFs. In absence of inflammatory signals, INHIBITOR OF NFkB (IkB) interacts with NFkB and masks

nuclear localisation signals (NLS), which results in cytoplasmic retention of the TFs (Karin 1999).
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Recognition of bacterial LPS or proinflammatory cytokines by receptors triggers activation of the IkB
KINASE (IKK) complex (Hoesel and Schmid 2013). IKK phosphorylates IkB leading to its ubiquitination
and subsequent degradation. NFkB enters the nucleus and activates expression of genes involved in

inflammation.

ChlP-seq of samples from MVQ1 OE plants, which were treated with flg22 for 1 h, identified much
lower binding peaks and consequently fewer targets compared to control samples. Interestingly the
protein amount of Myc-tagged MVQ1 did not drastically change after flg22 treatment (Fig. 27A)
probably due to strong activity of the 355 promoter that controls MVQ1 expression in the MVQ1 OE
line. This raises the possibility that association of MVQ1l with DNA is not only controlled by
phosphorylation-induced degradation. Phosphorylation of MVQ1 might also affect the MVQ1-WRKY
interaction. This hypothesis could be tested by fluorescence lifetime imaging (FLIM) of Forster
resonance energy transfer (FRET) between WRKYs and MVQ1, which are labelled with the respective
fluorescent proteins. Comparison of the FLIM-FRET between protoplasts transfected with a
constitutively active MAPKK (i.e. MKK5PP) and an inactive control would provide valuable insights into
the effect of phosphorylation on MVQ1-WRKY interactions. One could also quantify WRKY-interactions
of MVQ1 phosphosite mutants and phosphomimic mutants i.e. by means of split-Luciferase assay,
bearing in mind that mutation of 12 putative MAPK-phosphorylation sites (Fig. S2) might affect protein
folding.

Another intriguing but unsolved question is whether MVQ1 is part of an inhibitory complex that
involves interacting WRKYs and possibly MPK3 or MPK6 as it is proposed for MPK4, MKS1 and WRKY33
(Qiu, Fiil, et al. 2008). Co-immunoprecipitation of tagged MVQ1 and subsequent mass spectrometry

analysis might be a good way to address this question.

4.3.4 Integration of MVQ1 into the WRKY network

WRKYs are important transcriptional regulators of plant defence responses. The enrichment of W-
boxes in promoters of WRKY genes suggest extensive auto- and cross-regulation, establishing an
intricate network of positive and negative feedback loops that govern the transcriptional response to
pathogen attacks (Eulgem and Somssich 2007; Llorca, Potschin, and Zentgraf 2014).

In response to flg22 treatment 27 WRKYs are transcriptionally activated within one hour, which in
almost all cases correlates with enhanced protein levels, while transcript and protein levels of 17 other
WRKYs are unaffected (Birkenbihl et al. 2018).

A concept proposing that functionally important W-boxes are bound by constitutively expressed
WRKYs and that MAMP treatment induces expression of a set of inducible WRKYs, which replace the

pre-bound WRKYs to activate transcription was put forward by Turck, Zhou, and Somssich (2004) based
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on ChlIP results obtained in parsley. This hypothesis was further confirmed in A. thaliana by the finding
that WRKY40 and WRKY33 bind their target genes in response to flg22 treatment, while no binding
occurred in untreated samples (Birkenbihl, Kracher, and Somssich 2017). Among the WRKY33/40
targets are 30 WRKY genes (22 inducible, 6 not expressed, 2 constitutive) whose promoters are pre-
occupied by other WRKYs, which were precipitated with an anti-all WRKY antibody in absence of flg22
(Birkenbihl et al. 2018). Interestingly, microarray data shows that transcript levels of flg22-inducible,
but not those of constitutively expressed, WRKYs are increased upon treatment with the protein
synthesis inhibitor cycloheximide (William et al. 2004). This suggests that expression of these inducible
WRKY genes is negatively regulated by pre-existing proteins, which are most likely constitutively
expressed WRKYs.

Our ChlP-seq results identified seven WRKY genes (WRKY7, 8, 15, 28, 33, 47, 48), all of which belong
to the flg22-inducible group, as direct targets of MVQJ1. In case of WRKY33 and WRKY47, suppression
of flg22-mediated induction by MVQ1 could also be demonstrated in the present work. This could be
a hint that MVQ1 together with constitutively expressed WRKYs might be involved in repression of
flg22-induced WRKYs. This is supported by the fact that WRKYs belonging to group | and thus being
potential VQ-interactors are clearly overrepresented among constitutively expressed WRKYs
(Birkenbihl et al. 2018). Repression of defence genes by a WRKY-MVQ1 repressor complex could be a
mechanism to prevent untimely defence responses. MAMP treatment results in release of repression
through MAPK-mediated phosphorylation of MVQ1 resulting in degradation or dissociation from the
WRKY interactor. Since MVQ1 transcripts are induced in response to flg22-treatment (Fig. S6), MVQ1
might also serve to shut down defence responses after the MAMP stimulus is over.

The WRKY network in MTI is very robust, probably due to functional redundancy, since simultaneous
elimination of three highly connected hubs (WRKY18, 33, 40) does not alter seedling responses to flg22
or flg22-induced resistance to bacteria (Birkenbihl et al. 2018). Complexity of the network is increased
enormously by WRKY-VQ interactions which may differentially affect WRKY functions as co-activators
Or CO-repressors.

WRKY33 is an example for a TF with dual functions. While in it binds to promoters of genes involved in
ET-response or camalexin biosynthesis such as PAD3 and CYP71A12 to activate their transcription (Mao
et al. 2011; Liu et al. 2015), it represses more than 75 % of its binding targets in response to B. cinerea
infection (Liu et al. 2015). Among the repressed targets are many SA-related genes associated with cell
death. WRKY33 function as either a transcriptional repressor or activator might depend on interactions
with VQs such as MVQ1 and MKS1 and its recruitment to distinct protein complexes. The fact that ten
MVQs are targeted by MPK3/6 and MKS1 is regulated by MPK4 adds another layer of complexity to
the network as phosphorylation might facilitate substitution of WRKY-interacting MVQs with other

VQs thereby modulating transcription (Weyhe et al. 2014). Potential functional redundancy of some
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VQs (i.e. closely related MVQ1-4) might explain why mutants of these genes don’t display obvious
phenotypes and thus were not retrieved in mutant screens for altered immune phenotypes.

In addition to regulation on the transcriptional level, the WRKY network is controlled by
posttranslational modifications. Different MAPKs (Popescu et al. 2009) or the RLCK BIK1 (Lal et al. 2018)
phosphorylate  WRKYs probably to modulate their transcriptional activity. For example,
phosphorylation of WRKY33 promotes its transactivation activity (Mao et al. 2011). In case of WRKY46
phosphorylation by MPK3/6 seems to negatively affect WRKY46 stability, while phosphorylation is
required for full transactivation activity (Sheikh et al. 2016). A screen of WRKYs for in vitro
phosphorylation by MPK3/6 in the same study suggests that most of the 48 tested WRKYs are putative

MPK3/6 substrates but in vivo evidence is lacking for a majority of them.
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Fig. 32 Model of MVQ1 function within the WRKY network during MTI: MVQ1 engages with constitutively
expressed WRKYs (green) in MVQ1-WRKY repressor complexes to suppress transcription of direct and indirect
target genes in absence of MAMP stimuli. Upon MAMP-recognition and MAPK activation, MVQ1l is
phosphorylated and removed from the complex. This possibly promotes substitution of repressor WRKYs with
other inducible WRKYs (red), which bind promoters of MAMP-responsive genes to induce transcription.
Inducible WRKYs activate transcription of their own genes providing a positive feedback loop. MAPKs further
modulate transcription by phosphorylation of WRKYs. MAMP-induced activation of MVQJ1 transcription can
serve as a negative feedback regulation to shut down MAMP-responsive transcription. Other VQs, which are not
targeted by MAPKs might interact with WRKYs to influence transcription in a positive or negative manner. W
indicate W-boxes and P indicate phosphorylation.

For future research on MVQ1 it will be important to pin down which WRKYs are interacting with MVQ1
in a given physiological situation and if they act as repressors or activators. Genes coding for proteins
functioning in the same pathway are often co-expressed. Hence, in order to reduce the candidate list
of possible WRKY interactors, the ATTED-II tool (Obayashi et al. 2018) was employed to search for
WRKY genes that are co-expressed with MVQ1. MVQ1 directly connects with MKS1, a galactose

oxidase/kelch repeat superfamily protein (AT5G43190) and WRKY15 in a network based on co-
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expression data. However, WRKY15 belongs to group lld WRKYs and hence cannot be a direct MVQ1-
interactor. Co-immunoprecipitation (Co-IP) followed by mass spectrometry analysis can help to
identify WRKY interactors of MVQ1 and potential connections to other transcriptional regulators such

as the mediator complex.
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5. Summary

Plants respond to pathogen attacks with defence responses that involve transcriptional
reprogramming. Accumulating experimental evidence implicates VQ-motif containing proteins (VQs)
in the regulation of gene expression via interaction with transcription factors (e.g. WRKYs). Members
of a subgroup of Arabidopsis thaliana VQs, termed MVQs, are substrates of the pathogen-responsive
MAPKs MPK3/6. In agreement to their putative role as transcriptional co-regulators, all ten MVQs can
localise to the nucleus, with additional cytoplasmic localisation of MVQ1-6. Defence gene promoter
activation assays revealed that most MVQs suppressed or enhanced MAMP-induced activation of
pNHL10, thus providing a first hint for a role of MVQs in transcriptional regulation of defence
responses.

The identification of genes and pathways regulated by MVQ1 and the elucidation of the molecular
mechanisms underlying MVQ1 function were the major aims of this work. A microarray analysis
uncovered about 400 genes, whose MAMP-mediated induction is suppressed in MVQ1 OE lines,
establishing MVQ1 as a novel negative transcriptional regulator of MTI. Consistent with this notion,
MVQ1 OE lines displayed enhanced disease symptoms after infection with the necrotrophic fungus
Botrytis cinerea, indicating a potential role of MVQ1 in plant immunity that warrants further
exploration.

MVQ1 interacted with several WRKY TFs in planta and results from DNA-protein interaction assays
suggested the existence of MVQI1-WRKY-DNA complexes. Successful isolation of DNA from
immunoprecipitated MVQ1 (ChIP) confirmed this hypothesis and led to the identification of 232 direct
MVQ1 target genes. These results represent the first experimental evidence of a VQ protein’s
association with DNA in planta. Overrepresentation of WRKY-binding motifs (W-boxes) at MVQ1
binding peaks and considerable overlap with direct WRKY targets underpin the notion of an indirect
MVQ1-DNA interaction via WRKYs. Treatment with flg22 decreased the number and intensity of MVQ1
binding peaks indicating that phosphorylation by MAPKs liberates MVQ1l from the WRKY-DNA
complex.

Interaction of MVQ1 with WRKYs increased DNA-binding activity of WRKYs in vitro. This led to the
proposition of a model, in which MVQ1 engages with WRKYs in a repressor complex, promoting its
DNA-binding activity to inhibit defence gene expression. Alternatively, MVQ1 might interfere with the

recruitment of the transcription machinery by WRKYs with transactivation activity.
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6. Zusammenfassung

Auf Angriffe durch Pathogene reagieren Pflanzen mit Abwehrreaktionen, die transkriptionelles
Umprogrammieren erfordern. Proteine mit VQ-motiv (VQs) interagieren mit Transkriptionsfaktoren
(TF), um die Genexpression zu modulieren und eine Untergruppe von Arabidopsis thailiana VQs, die
MVQs genannt werden, stellen Substrate der Pathogen-responsiven MAPKs MPK3/6 dar.
Entsprechend ihrer vermuteten Funktion als transkiptionelle Co-Regulatoren sind alle zehn MVQs im
Zellkern zu finden, wobei MVQ1-6 zusatzlich im Cytoplasma zu finden sind. Promotoraktivierungs-
studien zeigten, dass die meisten MVQs die MAMP-induzierte Aktivierung des NHL10 Promotors
unterdriicken oder verstarken kdnnen. Dies stellt einen ersten Hinweis auf eine Rolle von MVQs in der
transkriptionellen Regulation der pflanzlichen Abwehrantwort dar.

Die Identifizierung von Genen und Prozessen, die von MVQ1 reguliert werden, sowie die Aufklarung
der zu Grunde liegenden molekularen Mechanismen waren das hauptsachliche Ziel dieser Arbeit.
Mittels Mikroarrayanalyse wurden etwa 400 Gene identifiziert, deren MAMP-vermittelte Aktivierung
in MVQ1 Uberexpressionslinien unterdriickt ist. Diese Ergebnisse etablieren MVQ1 als negativen
transkiptionellen Regulator der MAMP-vermittelten Abwehrantwort

In Ubereinstimmung mit diesen Ergebnissen wiesen MVQ1 Uberexpressionslinien im Vergleich zum
Wildtyp verstarkte Symptome nach Infektion mit dem nekrotrophen Pilz Botrytis cinerea auf. Dies legt
eine mogliche Rolle von MVQ1 in der pflanzlichen Immunitat, die jedoch tiefgehender untersucht
werden sollte, nahe.

MVQ1 interagiert mit einigen WRKY TFs in planta und Ergebnisse von DNA-Protein Interaktionsstudien
weisen auf die Existenz eines MVQ1-WRKY-DNA Komplexes hin. Die erfolgreiche Isolation von DNA aus
immunoprezipitiertem MVQ1 mittels ChIP bestéatigte diese Hypothese und flihrte zur Indentifizierung
von 232 Genen, die von MVQ1 gebunden werden. Diese Ergebnisse stellen den ersten experimentellen
in planta Beweis fiir die enge Assoziierung eins VQ Proteins mit DNA dar. Die Uberreprésentation von
WRKY-Bindemotiven (W-boxen) an MVQ1-Bindestellen und die Tatsache, dass diese Bindestellen
erheblich mit bereits bekannten WRKY-Bindestellen Gberlappen, unterstreichen die Annahme, dass
die Interaktion zwischen DNA und MVQ1 indirekt Gber WRKYs erfolgt. Nach Behandlung mit flg22
nahm die Anzahl und Intensitat der Signale fiir MVQ1-Bindestellen ab. Dies weist darauf hin, dass die
Phosphorylierung durch MAPKs zur Loslésung von MVQ1 aus dem WRKY-DNA-Komplex flihrt.

Die Interaktion zwischen MVQ1l und WRKs erhdhte die DNA-Bindeaktivitdit der WRKYs in vitro.
Daraufhin wurde ein Modell entwickelt, in dem MVQ1 mit WRKYs einen Repressorkomplex bildet und
dessen DNA-Bindung verstarkt um die Expression von Genen zu verhindern. Alternativ konnte MVQ1

die Rekrutierung der Transkriptionsmaschinerie durch WRKYs mit Transaktivierungsaktivitat stéren.
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8.5 Supplementary figures

GFP-MVQ7  GFP-MVQ8 GFP-MVQ9 GFP-MVQ10

Fig. S1 Subnuclear localisation of MVQ7-10 and respective VQ-mutants in A. thaliana protoplasts: Enlarged
segments of images from Fig. 4 (G-J and G’-J’), showing nuclei. Protoplasts were transfected with plasmids

expressing GFP-tagged MVQ7-10 and analysed by confocal laser microscopy 16 h after transfection. Scale bars
represent 1 um.
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Fig. S2 Potential MAPK target sites in MVQ1-6: Sequences were aligned using ClustalOmega. Identical (in > 50 %
of sequences) or well-conserved amino acids are shaded black or grey respectively. All potential MAPK target sites
(SP/TP) that were mutated to AP in MVQ1- 6™ are highlighted in yellow. The number of potential MAPK phospho-
sites present are 12 (MVQ1-3), 14 (MVQ4), 5 (MVQ5) and 6 (MVQ6) respectively.
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Fig. S3 MVQ1°™t interacts with WRKYs from group | and lic: A. thaliana protoplasts were co-transfected with
plasmids encoding cYFP-MVQ1"™t and n-YFP tagged WRKYs from subgroup | and llc. A plasmid encoding ERF104-
CFP was additionally transfected serving as a nuclear marker. (A) YFP reconstitution was analysed 16 h after
transfection by confocal laser scanning microscopy. YFP-fluorescence (1% panel), CFP-fluorescence (2" panel) and
brightfield image were recorded in different channels and merged (3" panel). Scale bars represent 10 um. (B)
Immunoblot analysis confirmed expression of the nYFP-WRKY and cYFP-MVQ1°™“t fusions.
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Fig. S4 Southern blot analysis of MVQ1 OE lines: Genomic DNA from different independent MVQ1 OE lines that
carrying a pEarley203-MVQ1 construct was isolated and digested with EcoR1. Samples were subjected to agarose
gel electrophoresis and southern blot analysis. The samples were hybridised with a radio-labelled probe that binds
to the BASTA resistance gene of the pEarley203 construct. K11 was selected as a potential single copy line. Line 42
with multiple insertions was used as a second independent line in further experiments.
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Fig. S5 Transcript levels of MVQ1 in MVQ1 OE lines : WT (Col-0) and plants from two independent MVQ1 OE lines
(K11 and K42) were infiltrated with 1 uM flg22 or water as a control and samples were harvested after 1 h and 2 h.
RNA was extracted for subsequent cDNA synthesis and analysis by qRT-PCR. PP2A served as a reference gene. For
Col-0/K11 comparison, samples were derived from one experiment. For Col-0/K42 comparison, samples were
derived from two independent experiments (one experiment for each time point) and therefore measured
independently (see individual y-axis). Data is shown as mean and SEM, n > 5. Asterisks indicate statistically
significant differences between Col-0 and respective MVQ1l OE plants (unpaired two-tailed t-test after log:
transformation, *** p <0.001).
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Fig. S6 MVQ1 transcripts are induced by flg22 treatment: WT (Col-0) plants were infiltrated with 1 uM flg22 or
water as a control and samples were harvested after 1 h and 2 h. RNA was extracted for subsequent cDNA
synthesis and analysis by qRT-PCR. PP2A served as a reference gene. Data is shown as mean and SEM, n > 5.
Statistically different groups are denoted by letters (One-way ANOVA, Bonferroni multiple comparison post-test
p £0.05).
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Fig. S7 Interaction of MVQ1l with WRKY DBDs: A. thaliana protoplasts were co-transfected with plasmids
encoding cYFP-MVQ1 or cYFP-MVQ1P* and n-YFP tagged WRKY DBDs or an empty vector control. YFP reconstitution
was analysed 16 h after transfection by confocal laser scanning microscopy. (A) YFP-fluorescence (1% panel),
chlorophyll fluorescence (2" panel) and brightfield image (3™ panel) were recorded in different channels. Scale bars
represent 10 um. Images are representative of three independent experiments with similar results. (B) Immunoblot
analysis showed expression of the nYFP-WRKY DBDs and cYFP-MVQ1 fusions.
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Fig. S8 Effect of MVQ1 on DNA binding of WRKY33 cDBD to different W-box probes: (A) Sequences of the W-box
containing probes derived from promoters of defence-related genes in parsley and arabidopsis. (B) Bacterial protein
extracts were subjected to SDS-PAGE and immunoblot analysis using antibodies against GFP (WRKY DBDs) or His
(MVQ1) to confirm protein expression. (C) Crude E. coli extracts containing GFP (EV control) or GFP-tagged WRKY33
cDBD were pre-incubated with bacterial extracts containing MvVQ1, MVQ1P* or EV control and incubated with
different immobilised W-box containing probes or W-mut versions harbouring a mutation in the W-box. After
washing, GFP signal was quantified to assess the amount of WRKY DBD bound to the probe. Three independent
extracts were used in independent experiments. Bars represent mean values with error bars indicating SEM.
Statistically different groups are denoted by letters (One-way ANOVA, Bonferroni multiple comparison post-test p <

0.05).
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Fig. S9 Infection of MVQ1 OE K11 and WT with Botrytis cinerea: MVQ1 OE line (K11) and WT (Col-0) were grown

for 5 weeks and infected with B. cinerea (strain B05.10) by drop inoculation (10 pl of 2*10° spores/ml). Leaf discs (d
=8 mm) from four infected leaves were harvested and pooled for each of the six plants per genotype and time point,
n = 6 for quantification of fungal DNA by qPCR. DNA was extracted and spiked with plasmid DNA during extraction.
Amount of fungal CUTINASE A was quantified and spiked plasmid DNA was used as reference. Data is presented as
mean values with error bars indicating SEM. Asterisks indicate statistically significant differences between WT and
MVQ1 OE K11 (unpaired two-tailed t-test after log2-transformation, * p < 0.05, ns — not significant). Two independent
experiments are shown.
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Fig. S10 Binding regions of MVQ1 and WRKYs at three different loci: Integrative Genomic Viewer (IGV) images of
ChlP-seq results from different experiments. Analysis was performed by Dr. R. Birkenbihl using data from (Birkenbihl,
Kracher, and Somssich 2017). Shown are three loci illustrating MVQ1 targets that are also targeted by WRKYs.
WRKY18, WRKY40 WRKY33 and possibly additional WRKYs target AT1G56140. AT5G38990 is targeted by WRKY18
and WRKY40 but not WRKY33. AT1G178310 is only targeted by WRKY33 and potentially by additional WRKYs (other
than WRKY18 or WRKY40). Read coverage histograms indicate binding of HA-tagged WRKY18, WRKY40 or WRKY33
(blue) 2 h after flg22 treatment in lines expressing respective HA-tagged WRKYs under native promoters compared
to control samples (WT); binding of WRKYs 2 h after flg22 treatment detected by anti-all WRKY antibody in WT (red)
compared to input control; binding of c-Myc-tagged MVQ1 in MVQ1 OE plants (K11) 1 h after control treatment or
treatment with flg22 compared to control samples (WT). Last row displays gene structures and location of W-boxes
is marked by blue lines.
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Fig. S11 MVQ transript levels in respective MVQ T-DNA insertion lines: (A) Scheme drawn to scale of MVQ loci with
coding region (box) and 5’/3’ UTRs (grey lines). Location of T-DNA insertion is depicted by black triangle. (B) RNA was
extracted from leaves of indicated plant lines and used for cDNA synthesis and subsequent analysis by qRT-PCR. PP2A
served as reference gene. Relative transcript levels are represented by 2”-dct and error bars indicate SEM. Blue and
green bars represent T-DNA insertion lines and red bars represent OE lines (pEarley203). mvqg2-1 = SALK_056210,
mvq2-2 = SALK_019307, in all other cases only one SALK or GABI line was used. For MVQ6 a SALK line (SALK_120763)
was isolated but sequencing revealed that T-DNA insertion is in a different locus (AT1G27900). Asterisks indicate
statistical different transcript levels compared to WT (Two-tailed t-test after log2 transformation;*** p<0.001, **
p<0.005, * p<0.05 n=3). Note break in y-axis for better visualisation of MVQ8 OE column.
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8.6 Supplementary tables

Tab. S1 List of primers used for generation of entry clones (pENTR/SD/D-TOPO)

Name
MVQ1_TOPO fwd

‘ Sequence

CACCATGGAGAATTCACCGAG

MVQ1_TOPO rev -stop

AGAAGTAGAAGCTGATGAAGAACC

MVQ2_TOPO fwd

CACCATGGAGAAATCACCAAGATAC

MVQ2_TOPO rev -stop

ATGATCATGAGGTGAAGGCGCCGG

MVQ3_TOPO fwd CACCATGGAAGTTTCAACATC
MVQ3_TOPO rev-stop AGAGTTCCTCGCCGGAG
MVQ4_TOPO fwd CACCATGGAGATTTCAACAAA
MVQ4_TOPO rev -stop CATCTCCGGCGATAATCTC

MVQ5_TOPO fwd

CACCATGAGTCACCAGCAGCC

MVQ5_TOPO rev -stop

AGAGTCTCGATGATTATCTTCATGAATCC

MVQ6_TOPO fwd

CACCATGAATAGCAAAGGGAG

MVQ6_TOPO rev -stop

TGGTTTGCCACTCGAATTG

MVQ8_TOPO fwd

CACCATGGATAGGACTTGTTG

MVQ8_TOPO rev-stop

GTAACCTCTCCATCTTTGACTAGATATTG

Tab. S2 List of primers and enzyme used for site-directed mutagenesis of pPENTR/SD/D-TOPO-MVQ3 to
generate MvQ3°*

Sequence
DL MVQ3 fw AAAGGTCTCGATCTGATGCTTACCGGCTC
DL MVQ3 rev AAAGGTCTCCAGATCGACTTGTTTGAAAGTAGAAG

Bsal

Tab. S3 List of primers used for genotyping of T-DNA insertion lines

Name Sequence ‘
LBb1.3 ATTTTGCCGATTTCGGAAC

GKo8409 ATATTGACCATCATACTCATTGC

GKo8760 GGGCTACACTGAATTGGTAGCTC

GKo2588 CGCCAGGGTTTTCCCAGTCACGACG

MVQ1-LP Salk_107266

ACTCTAGGAGAAGTCACCGGG

MVQ1-RP Salk_107266

AGAGCACATTTTTCCTCCCAC

MVQ2-LP Salk_019307

AAAAATGATTTCAAGAGTGTATGAGTG

MVQ2-RP Salk_019307 CCGAGATTTCCTCCTTTTCAC
MVQ2-LP Salk_056210 AATTTGGTGTGCAGAGATTGC
MVQ2-RP Salk_056210 TGAAGGAAGCAAGTTCTTTGC
MVQ3-LP Salk_023430 AAAGGAACAAAAGAGCATGCC
MVQ3-RP Salk_023430 TGCTTGAACAAATGTTGTTGG
MVQ4-RP Salk_121853.54.50 GGGGAAATCAAGACAGCTAGG
MVQ4-RP Salk_121853.18.25 CTCTCTTCCTCCGATAATGGC
MVQ5-LP Salk_110076 ATCAATCATTACGCAGTTGCC
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MVQ5-RP Salk_110076

GAGAACGAAGAGGAAACAGGG

VQP6-RP Salk_120763 AATCATCAAGCATTGGATTGG
VQP6-LP Salk_120763 TCCAAGGATTTTTGGGTTCTG
MVQ7-LP Salk_035635 GGTACAGTAAACGCGGATTTG
MVQ7-RP Salk_035635 CCAAGATTTGGATTTGCTCTG
MVQ8-LP GABI_543C03 TTTTGCAACTAGAGGAGGACC

MVQ8-RP GABI_543C03

TGAGGTAAACTCTCACGCGAC

MVQQ-LP Salk_152726

CGAGAGTTAAGCGGATATTCATC

MVQ9-RP Salk_152726

ACCCAACACCAAATATGACCC

MVQ10-LP Salk_016933

GGACTGCGTAAAGCCAATTAC

MVQ10-RP Salk_016933

TCACGTTATCAATCGTCCTCC

Tab. S4 List of primers used for qRT-PCR

Purpose Name Sequence
NHL10_F ACGCCGGACAGTCTAGGA
NHL10_R CCCTAAGCCTGAACTTGATCTC
PP2A_F GACCGGAGCCAACTAGGAC
PP2A_R AAAACTTGGTAACTTTTCCAGCA
RLP23_F GATTAGAGGGCTTGTTTCTTTCC
RLP23_R ACTGAATGAGGAAGGAACTTGG
ProPep3 F GCGAGGAAGATGAGAGTATCG
ProPep3 R TCAATGGTCATGCCATCTTCT
AtFRK1_F GAGACTATTTGGCAGGTAAAAGGT
AtFRK1_R AGGAGGCTTACAACCATTGTG
MVQ1_gRT_F TTGCGGTATGAGCAGTAGCA
MVQ1_gRT_R TTGGACGAATGTTGTCGGGT
MVQ2_qRT_F AAGCAGCTGCACCACTACAC

4RT-PCR MVQ2_gRT_R CGGATGAAAGTGGTTTCATACATG
MVQ3_gRT_F TCTTCATCCATCTCCAGTCTCA
MVQ3_gRT_R CCGGAAAAAGAGGAAGAAGC
MVQ4_qgRT_F CAACTCCGAGAGATTCTGAGC
MVQ4 gRT_R GCGATAATCTCGGAGAAGTCA
MVQ5_qRT_F TAACGACGCTTTCAGCCATT
MVQ5_gRT_R CCCAGAATGGGTCTAGGTGA
MVQ7_qRT_F AGTGTATTAATAATCCTGATGGTGGAT
MVQ7_qRT_R TGAAATGAGCAATTTTCTTTCTAGC
MVQ8_qRT_F CATCAATGGATCAACCTGGA
MVQ8 qRT_R AACCCCAAACGGAGATGC
MVQ9_qRT_F AGGGCCCTCTTCAACCTAAC
MVQ9_gRT_R GGCACTGGGCTAGGAACTAA
MVQ10_gRT F CACCATCGCAGCATAACAGT
MVQ10_qgRT_R AAACAGCAGAGGAAGGAGGA
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qRT-PCR
Botrytis
assay

BcCut_#7_5 ATAAGCGCCGAGCATGTG
BcCut_#7_3 GGGATGACGGAAAATAGACG
StNOX_5 CTTCAGTTCATGAACAAGAATGTAGG
StNOX_3 CATTCCATTAACAGCAAGTTGATCGA

Tab. S5 Primers for generation of the probe used in Southern blot analysis

Name Sequence

BASTA-F

AACTTCCGTACCGAGCCGCA

BASTA-R

GCTGAAGTCCAGCTGCCAGAAAC

Tab. S6 List of oligonucleotides used for generation of DNA-probes: W-boxes and mutated versions are
marked in red

Cy5- PCPRL W2 W2-s CY5-aaaTTATTCAGCCATCAAAAGTTGACCAATAAT
labelled - W2-as ATTATTGGTCAACTTTTGATGGCTGAATAATTT
probes for W2m-s CY5-aaaTTATTCAGCCATCAAAAGTTACCCAATAAT
PcPR1_W2mut
EMSA W2m-as ATTATTGGGTAACTTTTGATGGCTGAATAATTT
PCPRL W2 W2-S BIO-aaaTTATTCAGCCATCAAAAGTTGACCAATAAT
- W2-AS ATTATTGGTCAACTTTTGATGGCTGAATAATTT
PCPRL W2mut W2mut-S BIO-aaaTTATTCAGCCATCAAAAGTTACCCAATAAT
- W2mut-AS ATTATTGGGTAACTTTTGATGGCTGAATAATTT
AtNHLLO W1 pNHL10_W1-S BIO-aaaTACCTTAATCTAATAAGTTGACCAACGCAT
- pNHL10_W1-AS ATGCGTTGGTCAACTTATTAGATTAAGGTATTT
Biotin- AINHLIO Wimut pNHL10_W1mut-S BIO-aaaTACCTTAATCTAATAAGTTACCCAACGCAT
labelled - pNHL10 W1mut-AS | ATGCGTTGGGTAACTTATTAGATTAAGGTATTT
probes for pNHL10 W2-S BIO-2aaaGTGATTTGATTGAATAATTGACCAAAGAAT
AtNHL10 W2
DPI-ELISA - pNHL10_ W2-AS ATTCTTTGGTCAATTATTCAATCAAATCACTTT

AtNHL10_W2mut

pNHL10_W2mut-S

Bl0-aaaGTGATTTGATTGAATAATTACCCAAAGAAT

pNHL10_W2mut-AS

ATTCTTTGGGTAATTATTCAATCAAATCACTTT

AtWRKY33_W2

pPWRKY33_W2-S

BI0-aaaGGTCAGACCTTGTGGCCTTGACTCTCAAAC

PWRKY33_W2-AS

GTTTGAGAGTCAAGGCCACAAGGTCTGACCTTT

AtWRKY33_W2mut

pWRKY33_W2mut-S

Bl0-aaaGGGTAGACCTTGTGGCCTTACCTCTCAAAC

pWRKY33_W2mut-AS

GTTTGAGAGGTAAGGCCACAAGGTCTACCCTTT
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Tab. S7 List of oligonucleotides used for generation of sgRNA shuttle vectors: For each MVQ, 2 targets were

generated
Gene Name Sequence sgRNA target sequence
CAS_MVQ2tlol attgAGGATCGGTTCGGATGAAAG
AGGATCGGTTCGGATGAAAGTGG
MvQ2 CAS_MVQ2tlo2 aaacCTTTCATCCGAACCGATCCT
At2g33780 | CAS_MVQ2t701 attgCGTCACCGTCGACAACTCCG
CGTCACCGTCGACAACTCCGAGG
CAS_MVQ2t702 aaacCGGAGTTGTCGACGGTGACG
CAS_MVQ3tlol attgGGAGATGAGATCATAGGAGG
GGAGATGAGATCATAGGAGGTGG
MvQ3 CAS_MVQ3tlo2 2aacCCTCCTATGATCTCATCTCC
At5g53830 | CAS_MVQ3tdol attgGGGTCATCGTTGCTTCTCAG
GGGTCATCGTTGCTTCTCAGTGG
CAS_MVQ3t4o2 aaacCTGAGAAGCAACGATGACCC
CAS_MVQ4tlol attgAGAGTCTGGAGATCTTGGGG
AGAGTCTGGAGATCTTGGGGAGG
MVQ4 CAS_MVQ4tlo2 aaacCCCCAAGATCTCCAGACTCT
At3g15300 | CAS_MVQA4t6o1 attgGACTGTTAAGTGCAAGCTTG
GACTGTTAAGTGCAAGCTTGGGG
CAS_MVQ4t602 aaacCAAGCTTGCACTTAACAGTC
CAS_MVQ5t201 attgGAACATGGTGTTTGGCTCGG
GAACATGGTGTTTGGCTCGGTGG
MVQ5 CAS_MVQ5t202 aaacCCGAGCCAAACACCATGTTC
At1g80450 | CAS_MVQ5t1001 attgGGTGAGAGACGGGAGAGACG
GGTGAGAGACGGGAGAGACGAGG
CAS_MVQ5t1002 aaacCGTCTCTCCCGTCTCTCACC
CAS_MVQ6tlol attgAGTTGGCCTCTTTTGTATGG
AGTTGGCCTCTTTTGTATGGCGG
MvVQ6 CAS_MVQ6tlo2 2aacCCATACAAAAGAGGCCAACT
At5g08480 | CAS_MVQ6t201 attgGTGGGCTTAAAGCTCAGAGG
GTGGGCTTAAAGCTCAGAGGAGG
CAS_MVQ6t202 aaacCCTCTGAGCTTTAAGCCCAC
CAS_MVQ7t201 attgGGAGGTGGAGGTGGAGGTGG
GGAGGTGGAGGTGGAGGTGGAGG
MvQ7 CAS_MVQ7t202 aaacCCACCTCCACCTCCACCTCC
At5g46780 | CAS_MVQ7t901 attgGGAAATGGTGATCTTGGCTG
GGAAATGGTGATCTTGGCTGCGG
CAS_MVQ7t902 aaacCAGCCAAGATCACCATTTCC
CAS_MVQ8tlol attgAGATTCCGAGGAAGAGGCTG
AGATTCCGAGGAAGAGGCTGAGG
MvQs CAS_MVQ8tlo2 aaacCAGCCTCTTCCTCGGAATCT
At1g32610 | CAS_MVQS8t8o1 attgCGGTAAGCAGTTGGAGATTG
CGGTAAGCAGTTGGAGATTGTGG
CAS_MVQ8t802 aaacCAATCTCCAACTGCTTACCG
CAS_MVQ9tlol attgGCAAACTGAGGATGAGACTG
GCAAACTGAGGATGAGACTGTGG
MVQ9 CAS_MVQ9tlo2 aaacCAGTCTCATCCTCAGTTTGC
At2g35230 | CAS_MVQ9t9o1 attgGGGCCCTGCATGTTCATTCG
GGGCCCTGCATGTTCATTCGAGG
CAS_MVQ9t902 aaacCGAATGAACATGCAGGGCCC
CAS_MVQ10tlol attgTGCAGAGGCGGATACGGCGG
TGCAGAGGCGGATACGGCGGAGG
MVQ10 CAS_MVQ10tlo2 aaacCCGCCGTATCCGCCTCTGCA
At1g78310 |CAS_MVQ10t10ol attgGCCGTTACCACCGGTTCACG
GCCGTTACCACCGGTTCACGCGG
CAS_MVQ10t1002 aaacCGTGAACCGGTGGTAACGGC
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Tab. S8 GO-enrichment analysis of 117 genes that are up-regulated (FC 2 2) in mvql vs. WT under control

conditions

GO Biological process (related classes clustered together)) # of genes # of genes # of genes GO P-value

in inupload expectedin Enrichment

genome list (117) uploadlist  (fold)

(27502)
zggurr:’ziz?lgful__srg'—\‘r:;\lA from tricistronic rRNA transcript (SSU-rRNA, 16 4 0.07 61.39 3.24E-03
maturation of LSU-rRNA 32 5 0.13 38.37 1.08E-03
ribosomal large subunit biogenesis 97 10 0.4 25.31 5.55E-08
ribonucleoprotein complex biogenesis 481 27 1.96 13.78 2.94E-19
cellular component biogenesis 1246 33 5.07 6.5 1.27E-14
cellular component organization or biogenesis 3089 39 12.58 31 1.36E-07
ribosome biogenesis 396 27 1.61 16.74 2.34E-21
rRNA processing 225 20 0.92 21.83 3.62E-17
rRNA metabolic process 237 20 0.97 20.72 9.42E-17
ncRNA metabolic process 414 21 1.69 12.46 1.82E-13
RNA metabolic process 1335 26 5.44 4.78 7.52E-08
nucleic acid metabolic process 1776 28 7.23 3.87 1.35E-06
nucleobase-containing compound metabolic process 2272 29 9.25 3.13 6.96E-05
organic cyclic compound metabolic process 2867 31 11.68 2.66 8.41E-04
cellular nitrogen compound metabolic process 3138 41 12.78 3.21 1.15E-08
nitrogen compound metabolic process 6477 47 26.38 1.78 4.67E-02
heterocycle metabolic process 2584 30 10.52 2.85 3.03E-04
cellular aromatic compound metabolic process 2748 30 11.19 2.68 1.13E-03
macromolecule metabolic process 5642 44 22.98 1.91 1.56E-02
ncRNA processing 336 21 1.37 15.35 3.29E-15
RNA processing 777 24 3.16 7.58 3.79E-11
gene expression 1605 37 6.54 5.66 6.04E-15
?;;urrsﬂz?Lc)SfUS_?FL{J':‘T)NA from tricistronic rRNA transcript (SSU-rRNA, 19 6 016 3778 7 6AE-05
maturation of SSU-rRNA 50 6 0.2 29.47 2.94E-04
ribosomal small subunit biogenesis 83 8 0.34 23.67 1.00E-05
nucleocytoplasmic transport 122 6 0.5 12.08 3.87E-02
nuclear transport 122 6 0.5 12.08 3.87E-02
translation 588 12 2.39 5.01 1.67E-02
peptide biosynthetic process 593 12 2.41 4.97 1.81E-02
amide biosynthetic process 664 13 2.7 4.81 1.04E-02
Unclassified 4961 13 20.2 0.64  0.00E+00

Tab. S9 GO-enrichment analysis of 21 genes that are down-regulated (FC < 0.5) in mvql vs. WT under

control conditions

#ofgenes #ofgenesin # of genes

GO Enrichment

GO Biological process (related classes clustered together)) in genome upload list expectet.i in (fold ) P-value
(27502) (21) upload list

cellular response to hypoxia 27 3 0.02 > 100 3.61E-03

cellular response to decreased oxygen levels 29 3 0.02 > 100 4.40E-03

cellular response to oxygen levels 29 3 0.02 > 100 4.40E-03

response to abiotic stimulus 2097 10 1.52 6.56 1.68E-03
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response to hypoxia 66 3 0.05 62.5 4.57E-02
response to stress 3552 12 2.58 4.65 2.75E-03
cellular response to stress 943 8 0.69 11.67 4.71E-04
innate immune response 310 5 0.23 22.18 7.03E-03
immune response 316 5 0.23 21.76 7.71E-03
immune system process 373 5 0.27 18.43 1.71E-02
defense response 1513 9 1.1 8.18 1.25E-03
defense response to other organism 952 7 0.69 10.11 8.72E-03
response to other organism 1253 9 0.91 9.88 2.54E-04
response to external biotic stimulus 1253 9 0.91 9.88 2.54E-04
response to external stimulus 1659 10 1.21 8.29 1.89E-04
response to biotic stimulus 1266 9 0.92 9.78 2.77E-04
multi-organism process 1759 9 1.28 7.04 4.40E-03
Unclassified 4961 2 3.61 0.55 0.00E+00
Tab. S10 GO-enrichment analysis of 639 genes that are up-regulated (FC 2 2) in MVQ1 OE (K11) vs. WT

under control conditions

#ofgenes #ofgenesin #ofgenes GO Enrichment

GO Biological process (related classes clustered together) in genome upload list expecte(':I in (fold ) P-value
(27502) (639) upload list

respiratory burst 6 5 0.14 36.67 6.05E-03
toxin biosynthetic process 21 7 0.48 14.67 5.60E-03
toxin metabolic process 71 12 1.61 7.44 8.23E-04
secondary metabolic process 389 30 8.84 3.39 6.57E-05
secondary metabolite biosynthetic process 185 18 4.2 4.28 2.04E-03
defense response by callose deposition 18 6 0.41 14.67 3.08E-02
defense response 1513 80 34.38 2.33 2.43E-08
response to stress 3552 175 80.72 2.17 1.79E-19
response to stimulus 6214 266 141.22 1.88 2.13E-24
response to chitin 136 35 3.09 11.32 2.88E-20
response to drug 592 69 13.45 5.13 2.25E-23
response to chemical 2874 151 65.31 2.31 1.68E-18
response to oxygen-containing compound 1619 112 36.79 3.04 2.11E-21
response to organonitrogen compound 230 38 5.23 7.27 2.64E-16
response to nitrogen compound 294 41 6.68 6.14 2.25E-15
response to organic substance 2026 112 46.04 2.43 4.24E-14
jasmonic acid metabolic process 47 11 1.07 10.3 1.45E-04
small molecule metabolic process 1745 75 39.66 1.89 6.74E-04
hormone metabolic process 259 20 5.89 3.4 1.39E-02
regulation of hormone levels 409 25 9.29 2.69 4.58E-02
biological regulation 6055 192 137.6 1.4 1.71E-03
response to wounding 215 39 4.89 7.98 4.64E-18
indole-containing compound biosynthetic process 50 9 1.14 7.92 1.60E-02
indole-containing compound metabolic process 90 13 2.05 6.36 1.34E-03
response to jasmonic acid 213 28 4.84 5.78 2.96E-09
response to acid chemical 1198 82 27.23 3.01 1.68E-14
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response to hormone 1728 86 39.27 2.19 8.05E-08
response to endogenous stimulus 1745 86 39.66 2.17 1.75E-07
regulation of response to biotic stimulus 90 11 2.05 5.38 4.27E-02
regulation of biological process 5383 168 122.33 1.37 3.22E-02
regulation of defense response 252 22 5.73 3.84 7.01E-04
regulation of response to stress 361 26 8.2 3.17 1.91E-03
response to antibiotic 306 23 6.95 3.31 4.25E-03
response to water deprivation 346 26 7.86 331 8.99E-04
response to water 353 26 8.02 3.24 1.28E-03
response to abiotic stimulus 2097 96 47.66 2.01 5.21E-07
response to inorganic substance 935 53 21.25 2.49 1.10E-05
response to ethylene 302 21 6.86 3.06 3.64E-02
response to oxidative stress 460 31 10.45 2.97 6.49E-04
immune system process 373 25 8.48 2.95 1.04E-02
response to osmotic stress 660 41 15 2.73 6.32E-05
response to abscisic acid 578 33 13.14 2.51 1.11E-02
response to alcohol 582 33 13.23 2.5 1.21E-02
response to other organism 1253 65 28.48 2.28 5.95E-06
response to external biotic stimulus 1253 65 28.48 2.28 5.95E-06
response to external stimulus 1659 85 37.7 2.25 3.00E-08
response to biotic stimulus 1266 66 28.77 2.29 3.78E-06
multi-organism process 1759 77 39.97 1.93 2.01E-04
small molecule biosynthetic process 737 37 16.75 2.21 4.59E-02
phosphorylation 1308 56 29.73 1.88 3.15E-02
phosphate-containing compound metabolic process 1900 80 43.18 1.85 5.57E-04
phosphorus metabolic process 1943 82 44.16 1.86 3.27E-04
oxidation-reduction process 1444 60 32.82 1.83 3.51E-02
cell communication 2009 82 45.66 1.8 1.66E-03
cellular response to stimulus 2697 101 61.29 1.65 2.65E-03
regulation of cellular process 4745 155 107.83 1.44 6.77E-03
Unclassified 4961 80 112.74 0.71 0.00E+00
Tab. S11 GO-enrichment analysis of 431 genes that are down-regulated (FC < 0.5) in MVQ1 OE (K11)

vs. WT under control conditions

t#tof genes #ofgenesin # of genes
GO Biological process (related classes clustered together) in genome upload list expectedin  Enrichment  P-value
(27502) upload list
photosynthesis, light harvesting in photosystem | 24 16 0.37 43.04 8.01E-16
photosynthesis, light harvesting 46 20 0.71 28.07 1.75E-17
generation of precursor metabolites and energy 367 32 5.68 5.63 7.00E-11
cellular metabolic process 7949 186 123.13 1.51 4.35E-07
cellular process 11448 243 177.33 1.37 6.73E-07
metabolic process 9472 218 146.72 1.49 7.37E-09
photosynthesis, light reaction 125 30 1.94 15.49 5.27E-21
photosynthesis 230 53 3.56 14.88 2.76E-38
photosynthesis, light harvesting in photosystem I 10 6 0.15 38.74 2.35E-04
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response to low light intensity stimulus 19 7 0.29 23.78 2.57E-04
response to light intensity 158 15 2.45 6.13 2.06E-04
response to light stimulus 741 45 11.48 3.92 8.75E-11
response to radiation 762 45 11.8 3.81 2.22E-10
response to abiotic stimulus 2097 82 32.48 2.52 5.19E-11
response to stimulus 6214 163 96.25 1.69 1.78E-09
chlorophyll biosynthetic process 41 15 0.64 23.62 1.11E-11
porphyrin-containing compound biosynthetic process 49 15 0.76 19.76 9.76E-11
porphyrin-containing compound metabolic process 73 15 1.13 13.27 1.39E-08
cofactor metabolic process 580 32 8.98 3.56 5.00E-06
tetrapyrrole metabolic process 74 15 1.15 13.09 1.65E-08
organic substance metabolic process 8341 175 129.2 1.35 9.82E-03
cofactor biosynthetic process 284 17 4.4 3.86 1.22E-02
biosynthetic process 3002 83 46.5 1.78 8.22E-04
tetrapyrrole biosynthetic process 52 15 0.81 18.62 2.03E-10
organic substance biosynthetic process 2874 80 44.52 1.8 1.13E-03
organic cyclic compound biosynthetic process 996 35 15.43 2.27 3.23E-02
chlorophyll metabolic process 60 15 0.93 16.14 1.20E-09
pigment biosynthetic process 122 18 1.89 9.53 1.49E-08
pigment metabolic process 144 19 2.23 8.52 2.23E-08
protein-chromophore linkage a4 15 0.68 22.01 2.62E-11
protoporphyrinogen IX biosynthetic process 15 5 0.23 21.52 2.84E-02
protoporphyrinogen IX metabolic process 15 5 0.23 21.52 2.84E-02
response to far red light 50 11 0.77 14.2 5.29E-06
response to red or far red light 221 16 3.42 4.67 2.33E-03
photosynthetic electron transport chain 43 7 0.67 10.51 2.85E-02
oxidation-reduction process 1444 47 22.37 2.1 8.82E-03
response to red light 68 11 1.05 10.44 8.94E-05
regulation of photosynthesis 44 7 0.68 10.27 3.26E-02
response to blue light 93 12 1.44 8.33 2.03E-04
response to high light intensity 81 9 1.25 7.17 2.67E-02
response to cold 422 22 6.54 3.37 4.38E-03
response to stress 3552 88 55.02 1.6 3.19E-02
response to inorganic substance 935 34 14.48 2.35 3.05E-02
response to chemical 2874 86 44.52 1.93 1.13E-05
response to hormone 1728 53 26.77 1.98 8.65E-03
response to organic substance 2026 60 31.38 1.91 6.69E-03
response to endogenous stimulus 1745 53 27.03 1.96 1.48E-02
Unclassified 4961 43 76.84 0.56 0.00E+00
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Tab. S12 GO-enrichment analysis of 980 genes that are up-regulated (FC = 2) in WT 1 h after fl22
treatment compared to water control
?nOf genes # of genes # of genes GO
GO Biological process (related classes clustered together) enome inupload expectedin Enrichment +/- P-value
(327502) list (980) upload list  (fold)
F’AMP dependent induction by symbiont of host innate 9 7 032 21+ 1.23E-03
immune response
PAMP dependent |ndu<.:t|orT by orgzjmlsm o.f |.nr?ate |mmune 9 7 0.32 21+ 1.23E-03
response of other organism involved in symbiotic interaction
PAMP dependent modlflatlc.m by organlsm 9f .|nr.13te |mmune 9 7 032 21+ 1.23E-03
response in other organism involved in symbiotic interaction
modu!athn by org.anlsm o.f |r\n.ate |mrr)une response in other 9 7 0.32 21+ 1.23E-03
organism involved in symbiotic interaction
.modulatl.on byor.garns.m oflm.mune response of other organism 12 3 0.42 18.94 + 4.17E-04
involved in symbiotic interaction
respo.nsc.e Fo |mmgne response of other organism involved in 12 3 0.42 18.94 + 4.17E-04
symbiotic interaction
.respons.e to defenses of other organism involved in symbiotic 13 8 0.46 17.48  + 6.53E-04
interaction
response to other organism 1253 133 441 3.02 + 2.94E-24
response to external biotic stimulus 1253 133 44.1 3.02 + 2.94E-24
response to external stimulus 1659 151 58.39 259 + 1.81E-21
response to stimulus 6214 418 218.72 191 + 1.48E-40
response to biotic stimulus 1266 134 44.56 3.01 + 2.33E-24
multi-organism process 1759 156 61.91 252 + 2.52E-21
r’nodulah_on by or.garns.,m ofde.fense response of other organism 13 8 0.46 17.48  + 6.53E-04
involved in symbiotic interaction
modification of morphology or physiology of other organism
. . L . 31 9 1.09 8.25 + 1.70E-02
involved in symbiotic interaction
positive regylatlhon by organism ?f !nr.mte immune response in 9 7 0.32 21 + 1.236-03
other organism involved in symbiotic interaction
posm\./e rggulatlon.by orga.mljsn'.n of |mmune response of other 12 3 0.42 18.94 + 4.17E-04
organism involved in symbiotic interaction
positive regulation of immune response 79 19 2.78 6.83 + 1.98E-06
positive regulation of immune system process 79 19 2.78 6.83 + 1.98E-06
regulation of biological process 5383 262 189.47 138 + 9.53E-05
biological regulation 6055 292 213.12 137 + 1.90E-05
regulation of immune system process 139 30 4.89 6.13 + 2.87E-10
positive regulation of response to stimulus 253 32 8.9 3.59 + 1.03E-05
regulation of response to stimulus 683 60 24.04 25 o+ 2.23E-06
regulation of immune response 126 28 4.43 6.31 + 1.03E-09
posm\./e r(.egulatlon. by orga'ml.sn? of def.ense response of other 9 7 032 21+ 1.23E-03
organism involved in symbiotic interaction
positive regulation of defense response 106 23 3.73 6.16 + 1.95E-07
regulation of defense response 252 43 8.87 485 + 2.37E-12
regulation of response to stress 361 49 12.71 3.86 + 6.93E-11
positive regulation of innate immune response 76 18 2.68 6.73 + 6.83E-06
regulation of innate immune response 119 27 4.19 6.45 + 1.77E-09
'PAMP dependent modulation by symbiont of host innate 9 7 0.32 21+ 1.23E-03
immune response
modulation by symbiont of host innate immune response 9 7 0.32 221+ 1.23E-03
modulation by symbiont of host immune response 12 8 0.42 1894 + 4.17E-04
modulation by symbiont of host defense response 13 8 0.46 17.48 + 6.53E-04
response to host defenses 13 8 0.46 17.48 + 6.53E-04
response to host 13 8 0.46 17.48 + 6.53E-04
response to host immune response 12 8 0.42 1894 + 4.17E-04
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positive regulation by symbiont of host innate immune

e TS 9 7 0.32 221+ 1.23E-03
positive regulation by symbiont of host immune response 12 8 0.42 1894 + 4.17E-04
positive regulation by symbiont of host defense response 9 7 0.32 221+ 1.23E-03
cellular response to hypoxia 27 12 0.95 12.63 + 1.03E-05
cellular response to decreased oxygen levels 29 12 1.02 11.76 + 1.95E-05
cellular response to oxygen levels 29 12 1.02 11.76 + 1.95E-05
response to oxygen levels 73 17 2.57 6.62 + 2.35E-05
response to abiotic stimulus 2097 143 73.81 194 + 6.29E-10
cellular response to chemical stimulus 1166 94 41.04 229 + 2.39E-09
cellular response to stimulus 2697 195 94.93 2.05 + 1.16E-17
cellular process 11422 515 402.03 128 + 2.31E-09
response to chemical 2874 242 101.16 239 + 9.88E-33
response to decreased oxygen levels 72 17 2.53 6.71 + 1.97E-05
response to hypoxia 66 17 2.32 732 + 6.40E-06
response to stress 3552 280 125.02 224 + 3.58E-34
cellular response to stress 943 78 33.19 235 + 7.61E-08
response to molecule of bacterial origin 34 15 1.2 12.53 + 1.24E-07
response to bacterium 493 81 17.35 467 + 2.60E-24
response to organic substance 2026 179 71.31 251 + 7.26E-25
endoplasmic reticulum unfolded protein response 17 7 0.6 11.7  + 2.94E-02
signal transduction 1750 131 61.6 213+ 1.12E-11
signaling 1779 131 62.62 209 + 3.24E-11
regulation of cellular process 4744 234 166.98 14 + 2.34E-04
cell communication 2009 150 70.71 212+ 8.71E-14
cellular response to unfolded protein 34 10 1.2 8.36 + 4.69E-03
response to unfolded protein 34 10 1.2 836 + 4.69E-03
response to topologically incorrect protein 54 11 19 579 + 3.04E-02
cellular response to topologically incorrect protein 50 11 1.76 6.25 + 1.61E-02
cellular response to organic substance 991 73 34.88 2.09 + 5.39E-05
negative regulation of programmed cell death 23 8 0.81 9.88 + 1.87E-02
regulation of cell death 79 14 2.78 5.03 + 8.42E-03
negative regulation of cell death 30 9 1.06 8.52 + 1.36E-02
response to chitin 136 47 4.79 9.82 + 1.39E-24
response to drug 592 95 20.84 456 + 2.74E-28
response to oxygen-containing compound 1619 173 56.98 3.04 + 3.46E-33
response to organonitrogen compound 230 54 8.1 6.67 + 1.17E-21
response to nitrogen compound 294 60 10.35 58 + 1.46E-21
aromatic amino acid family biosynthetic process 60 16 211 7.58 + 1.24E-05
organic substance metabolic process 8341 358 293.58 122 + 3.96E-02
metabolic process 9472 413 333.39 124 + 5.55E-04
organonitrogen compound metabolic process 4857 275 170.95 161 + 2.04E-12
nitrogen compound metabolic process 6477 299 227.97 131 + 8.40E-04
cellular metabolic process 7949 351 279.78 125 + 3.72E-03
aromatic amino acid family metabolic process 83 19 2.92 6.5 + 4.03E-06
recognition of pollen 42 11 1.48 7.44 + 3.75E-03
pollen-pistil interaction 50 11 1.76 6.25 + 1.61E-02
cell recognition 44 12 1.55 775 + 8.60E-04
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defense response to fungus, incompatible interaction 45 10 1.58 6.31 3.94E-02
response to fungus 579 47 20.38 231 1.37E-03
defense response to other organism 952 94 33.51 2.81 2.39E-14
defense response 1513 158 53.25 2.97 7.66E-29
defense response, incompatible interaction 168 27 5.91 4.57 1.76E-06
innate immune response 310 52 10.91 4.77 4.20E-15
immune response 316 52 11.12 4.68 8.69E-15
immune system process 373 65 13.13 4.95 3.10E-20
indole-containing compound biosynthetic process 50 11 1.76 6.25 1.61E-02
indole-containing compound metabolic process 90 16 3.17 5.05 1.63E-03
plant-type hypersensitive response 73 16 2.57 6.23 1.33E-04
host programmed cell death induced by symbiont 74 16 2.6 6.14 1.57E-04
programmed cell death 102 18 3.59 5.01 3.59E-04
cell death 122 19 4.29 4.42 9.14E-04
defense response to oomycetes 69 14 2.43 5.76 2.06E-03
response to oomycetes 88 18 3.1 5.81 4.99E-05
negative regulation of defense response 55 11 1.94 5.68 3.53E-02
cellular response to drug 90 17 3.17 5.37 3.39E-04
response to hydrogen peroxide 78 14 2.75 5.1 7.38E-03
response to inorganic substance 935 80 32.91 2.43 8.63E-09
response to reactive oxygen species 175 26 6.16 4.22 1.58E-05
response to oxidative stress 460 53 16.19 3.27 2.23E-09
response to antibiotic 306 42 10.77 3.9 3.59E-09
regulation of response to biotic stimulus 90 16 3.17 5.05 1.63E-03
regulation of response to external stimulus 95 16 3.34 4.79 3.07E-03
defense response to bacterium 394 62 13.87 4.47 3.45E-17
protein autophosphorylation 202 29 7.11 4.08 4.29E-06
protein phosphorylation 963 115 33.9 3.39 1.88E-24
phosphorylation 1308 140 46.04 3.04 4.55E-26
phosphate-containing compound metabolic process 1900 165 66.88 2.47 1.05E-21
phosphorus metabolic process 1943 169 68.39 2.47 2.05E-22
cellular protein modification process 2328 178 81.94 2.17 3.62E-18
protein modification process 2328 178 81.94 2.17 3.62E-18
protein metabolic process 3640 204 128.12 1.59 1.14E-07
macromolecule modification 2741 179 96.48 1.86 1.06E-11
cellular protein metabolic process 3270 189 115.1 1.64 7.57E-08
cellular macromolecule metabolic process 4335 211 152.58 1.38 3.63E-03
response to wounding 215 29 7.57 3.83 1.52E-05
response to salicylic acid 203 27 7.15 3.78 6.62E-05
response to acid chemical 1198 108 42.17 2.56 3.09E-14
response to organic cyclic compound 344 37 12.11 3.06 3.44E-05
response to hormone 1728 121 60.82 1.99 1.08E-08
response to endogenous stimulus 1745 124 61.42 2.02 1.98E-09
secondary metabolite biosynthetic process 185 22 6.51 3.38 6.94E-03
secondary metabolic process 389 33 13.69 2.41 2.68E-02
response to heat 221 24 7.78 3.09 1.04E-02
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response to abscisic acid 578 51 20.34 2.51 4.97E-05
response to alcohol 582 51 20.48 2.49 5.47E-05
response to lipid 787 65 27.7 2.35 5.09E-06
cellular response to oxygen-containing compound 633 53 22.28 2.38 1.15E-04
cellular response to acid chemical 449 37 15.8 2.34 1.61E-02
response to salt stress 585 44 20.59 2.14 2.65E-02
response to osmotic stress 660 52 23.23 2.24 7.81E-04
cellular response to hormone stimulus 881 58 31.01 1.87 3.72E-02
cellular response to endogenous stimulus 898 61 31.61 1.93 8.12E-03
Unclassified 4961 132 174.61 0.76 0.00E+00
macromolecule biosynthetic process 1361 20 47.9 0.42 2.34E-02
RNA processing 777 6 27.35 0.22 5.13E-03
RNA metabolic process 1335 9 46.99 0.19 6.68E-08
nucleic acid metabolic process 1776 16 62.51 0.26 8.39E-09
nucleobase-containing compound metabolic process 2272 42 79.97 0.53 7.47E-03
gene expression 1605 10 56.49 0.18 1.02E-10
peptide biosynthetic process 593 2 20.87 0.1 1.29E-03
Tab. S13 GO-enrichment analysis of 454 genes that are down-regulated (FC < 0.5) in
WT 1 h after flg22 treatment compared to water control
GO Biological process (related classes clustered together) ?n(:eieonr:se ?nolf;z:fis :xo;egcizssin (Esr?richment p-value
(27502) list (454) upload list (fold )

response to nitrate 31 7 0.51 13.62 6.56E-03
response to inorganic substance 935 39 15.5 2.52 1.02E-03
response to chemical 2874 89 47.65 1.87 3.73E-05
response to stimulus 6214 162 103.03 1.57 1.66E-06
response to oxygen-containing compound 1619 68 26.84 2.53 1.44E-08
response to acid chemical 1198 56 19.86 2.82 2.67E-08
sterol biosynthetic process 37 7 0.61 11.41 1.83E-02
cellulose biosynthetic process 47 8 0.78 10.27 8.04E-03
beta-glucan biosynthetic process 59 8 0.98 8.18 3.63E-02
glucan biosynthetic process 112 11 1.86 5.92 1.58E-02
polysaccharide metabolic process 443 28 7.35 3.81 1.43E-05
carbohydrate metabolic process 1025 50 17.00 2.94 9.21E-08
cellular carbohydrate metabolic process 403 21 6.68 3.14 2.13E-02
polysaccharide biosynthetic process 201 18 3.33 5.40 6.65E-05
carbohydrate biosynthetic process 340 29 5.64 5.14 1.03E-08
cellular glucan metabolic process 211 16 3.50 4.57 3.16E-03
glucan metabolic process 219 16 3.63 4.41 4.98E-03
cellulose metabolic process 75 9 1.24 7.24 2.58E-02
rhythmic process 123 11 2.04 5.39 3.59E-02
response to red or far red light 221 16 3.66 4.37 5.56E-03
response to light stimulus 741 36 12.29 2.93 6.68E-05
response to radiation 762 36 12.63 2.85 1.30E-04
response to abiotic stimulus 2097 81 34.77 2.33 7.56E-09
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response to water deprivation 346 24 5.74 4.18 3.44E-05
response to water 353 24 5.85 4.10 4.93E-05
cell wall biogenesis 225 15 3.73 4.02 2.93E-02
cell wall organization or biogenesis 657 37 10.89 3.40 9.85E-07
cell wall organization 504 30 8.36 3.59 1.48E-05
external encapsulating structure organization 541 30 8.97 3.34 6.68E-05
cell growth 359 21 5.95 3.53 3.88E-03
growth 413 23 6.85 3.36 2.74E-03
cellular response to oxygen-containing compound 633 28 10.50 2.67 1.39E-02
cellular response to chemical stimulus 1166 42 19.33 2.17 1.15E-02
cellular response to stimulus 2697 81 44.72 1.81 6.06E-04
response to lipid 787 34 13.05 2.61 2.22E-03
response to organic substance 2026 68 33.59 2.02 1.29E-04
hormone-mediated signaling pathway 770 31 12.77 2.43 3.09E-02
response to endogenous stimulus 1745 63 28.93 2.18 3.47E-05
response to hormone 1728 63 28.65 2.2 2.79E-05
signal transduction 1750 56 29.02 1.93 1.26E-02
signaling 1779 56 29.50 1.90 1.62E-02
regulation of biological process 5383 129 89.25 1.45 2.78E-02
biological regulation 6055 141 100.40 1.40 3.91E-02
cell communication 2009 66 33.31 1.98 5.02E-04
Unclassified 4961 49 82.26 0.60 0.00E+00
Tab. S14 GO-enrichment analysis of 385 genes that are up-regulated (FC 2 2) in mvg1 but notin WT1 h

after flg22 treatment compared to respective water control

#of genes #ofgenes # of genes GO
GO Biological process (related classes clustered together)) ingenome inupload expectedin Enrichment P-value

(27502) list (385)  upload list (fold )
defense response to bacterium, incompatible interaction 42 8 0.58 13.68 1.05E-03
defense response, incompatible interaction 168 13 2.34 5.56 4.01E-03
innate immune response 310 23 4.32 5.33 8.04E-07
immune response 316 23 4.4 5.23 1.14E-06
response to stimulus 6214 166 86.54 1.92 1.48E-15
immune system process 373 26 5.19 5.01 1.95E-07
defense response 1513 72 21.07 3.42 5.40E-16
response to stress 3552 120 49.47 2.43 4.63E-17
defense response to other organism 952 47 13.26 3.55 5.75E-10
response to other organism 1253 60 17.45 3.44 6.61E-13
response to external biotic stimulus 1253 60 17.45 3.44 6.61E-13
response to external stimulus 1659 67 23.1 2.9 2.89E-11
response to biotic stimulus 1266 60 17.63 3.4 1.04E-12
multi-organism process 1759 67 24.5 2.74 4.11E-10
defense response to bacterium 394 32 5.49 5.83 2.33E-11
response to bacterium 493 37 6.87 5.39 1.76E-12
plant-type hypersensitive response 73 11 1.02 10.82 5.91E-05
cellular response to stress 943 34 13.13 2.59 2.20E-03

115



Appendix

cellular response to stimulus 2697 79 37.56 2.1 1.22E-06
host programmed cell death induced by symbiont 74 11 1.03 10.67 6.71E-05
programmed cell death 102 12 1.42 8.45 1.63E-04
cell death 122 12 1.7 7.06 9.75E-04
response to chitin 136 14 1.89 7.39 6.09E-05
response to drug 592 35 8.24 4.25 7.60E-09
response to chemical 2874 79 40.02 1.97 1.95E-05
response to oxygen-containing compound 1619 59 22.55 2.62 8.19E-08
response to organonitrogen compound 230 16 3.2 5 9.59E-04
response to nitrogen compound 294 18 4.09 4.4 1.06E-03
response to organic substance 2026 61 28.21 2.16 5.87E-05
response to oomycetes 88 9 1.23 7.34 2.14E-02
regulation of immune system process 139 11 1.94 5.68 2.11E-02
regulation of defense response 252 18 3.51 5.13 1.22E-04
regulation of response to stress 361 21 5.03 4.18 2.55E-04
regulation of response to stimulus 683 34 9.51 3.57 1.23E-06
response to wounding 215 14 2.99 4.68 1.07E-02
response to salicylic acid 203 13 2.83 4.6 2.79E-02
response to antibiotic 306 17 4.26 3.99 7.77E-03
response to acid chemical 1198 47 16.68 2.82 1.09E-06
response to hormone 1728 48 24.06 1.99 1.97E-02
response to endogenous stimulus 1745 48 24.3 1.98 3.35E-02
negative regulation of response to stimulus 205 13 2.85 4.55 3.08E-02
protein phosphorylation 963 37 13.41 2.76 1.53E-04
phosphorylation 1308 43 18.22 2.36 1.10E-03
phosphate-containing compound metabolic process 1900 60 26.46 2.27 1.95E-05
phosphorus metabolic process 1943 61 27.06 2.25 1.49E-05
cellular protein modification process 2328 68 32.42 2.1 2.90E-05
protein modification process 2328 68 32.42 2.1 2.90E-05
organonitrogen compound metabolic process 4857 103 67.64 1.52 2.21E-02
macromolecule modification 2741 69 38.17 1.81 5.35E-03
response to abiotic stimulus 2097 63 29.2 2.16 3.29E-05
signal transduction 1750 49 24.37 2.01 1.30E-02
signaling 1779 49 24.77 1.98 2.45E-02
cell communication 2009 57 27.98 2.04 1.53E-03
Unclassified 4961 48 69.09 0.69 0.00E+00
Tab. S15 GO-enrichment analysis of 160 genes that are up-regulated (FC 2 2) in MVQ1 OE (K11) but not

in WT 1 h after flg22 treatment compared to respective water control

t#of genesin #of genesin # of genes GO

GO Biological process (related classes clustered together) genome upload list expectedin  Enrichment  P-value
(27502) (160) upload list (fold)

protoporphyrinogen IX biosynthetic process 15 4 0.09 45.55 1.10E-02

porphyrin-containing compound biosynthetic process 49 8 0.29 27.89 3.93E-06
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porphyrin-containing compound metabolic process 73 9 0.43 21.06 3.42E-06
cofactor metabolic process 580 18 3.4 5.3 3.97E-05
cellular metabolic process 7949 86 46.53 1.85 3.45E-07
cellular process 11422 104 66.87 1.56 1.27E-05
metabolic process 9472 97 55.45 1.75 8.96E-08
tetrapyrrole metabolic process 74 9 0.43 20.78 3.82E-06
organonitrogen compound metabolic process 4857 56 28.43 1.97 6.06E-04
organic substance metabolic process 8341 80 48.83 1.64 1.17E-03
nitrogen compound metabolic process 6477 64 37.92 1.69 1.64E-02
cofactor biosynthetic process 284 12 1.66 7.22 4.99E-04
cellular biosynthetic process 2758 39 16.15 2.42 5.80E-04
biosynthetic process 3001 43 17.57 2.45 8.14E-05
tetrapyrrole biosynthetic process 52 8 0.3 26.28 6.00E-06
cellular nitrogen compound biosynthetic process 1366 28 8 3.5 2.50E-05
organonitrogen compound biosynthetic process 1500 30 8.78 3.42 1.17E-05
organic substance biosynthetic process 2873 42 16.82 2.5 5.52E-05
protoporphyrinogen IX metabolic process 15 4 0.09 45.55 1.10E-02
pigment metabolic process 144 8 0.84 9.49 8.74E-03
pigment biosynthetic process 122 8 0.71 11.2 2.70E-03
photosynthesis, light harvesting in photosystem | 24 6 0.14 42.7 5.14E-05
photosynthesis, light harvesting 46 8 0.27 29.71 2.51E-06
generation of precursor metabolites and energy 367 15 2.15 6.98 2.10E-05
photosynthesis, light reaction 125 9 0.73 12.3 2.63E-04
photosynthesis 230 21 1.35 15.6 5.48E-15
chlorophyll biosynthetic process 41 8 0.24 33.33 1.12E-06
chlorophyll metabolic process 60 9 0.35 25.62 7.05E-07
carbon fixation 23 4 0.13 29.71 4.79E-02
regulation of stomatal movement 87 6 0.51 11.78 4.87E-02
defense response to bacterium 394 13 231 5.64 2.29E-03
response to bacterium 493 14 2.89 4.85 4.78E-03
response to stimulus 6214 67 36.38 1.84 2.14E-04
defense response to other organism 952 18 5.57 3.23 4.16E-02
response to stress 3552 45 20.79 2.16 1.11E-03
translation 588 14 3.44 4.07 3.39E-02
peptide biosynthetic process 593 14 3.47 4.03 3.72E-02
peptide metabolic process 671 15 3.93 3.82 3.40E-02
cellular amide metabolic process 808 17 4.73 3.59 1.90E-02
amide biosynthetic process 664 15 3.89 3.86 3.01E-02
carboxylic acid metabolic process 971 19 5.68 3.34 1.47E-02
oxoacid metabolic process 1126 21 6.59 3.19 9.44E-03
organic acid metabolic process 1129 21 6.61 3.18 9.83E-03
small molecule metabolic process 1745 26 10.22 2.55 3.27E-02
response to abiotic stimulus 2097 36 12.28 2.93 1.36E-05
Unclassified 4961 16 29.04 0.55 0.00E+00
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Tab. S16 Enrichment of TF-binding motifs in promoters of genes whose flg22-mediated induction is
suppressed in MVQ1 OE (404 genes identified in clustering analysis)

Matrix ID Matrix Name p-value family core Seq

MA1310.1 WRKY42 8.50E-26 WRKY TTGAC(T/C)
MA1297.1 WRKY26 3.90E-25 WRKY TTGAC(T/C)
MA1307.1 WRKY31 4.75E-24 WRKY TTGAC(T/C)
MA1302.1 WRKY65 1.12E-23 WRKY TTGAC(T/C)
MA1305.1 WRKY55 1.45€-23 WRKY TTGAC(T/C)
MA1089.1 WRKY57 1.57E-23 WRKY TTGAC(T/C)
MA1079.1 WRKY21 1.71€-23 WRKY TTGAC(T/C)
MA1314.1 WRKY14 2.41E-23 WRKY TTGAC(T/C)
MA1295.1 WRKY20 3.09E-23 WRKY TTGAC(T/C)
MA1087.1 WRKY45 4.70E-23 WRKY TTGAC(T/C)
MA1300.1 WRKY6 5.02E-23 WRKY TTGAC(T/C)
MA1083.1 WRKY30 1.69E-22 WRKY TTGAC(T/C)
MA1308.1 WRKY70 7.37E-22 WRKY TTGAC(T/C)
MA1301.1 WRKY33 1.48E-21 WRKY TTGAC(T/C)
MA1306.1 WRKY11 1.80E-21 WRKY TTGAC(T/C)
MA1309.1 WRKY3 1.95E-21 WRKY TTGAC(T/C)
MA1094.1 WRKY8 2.06E-21 WRKY TTGAC(T/C)
MA1315.1 WRKY24 2.44E-21 WRKY TTGAC(T/C)
MA1080.1 WRKY23 3.23E-21 WRKY TTGAC(T/C)
MA1084.1 WRKY38 3.60E-21 WRKY TTGAC(T/C)
MA1311.1 WRKY28 5.044E-21 WRKY TTGAC(T/C)
MA1303.1 WRKY22 5.91E-21 WRKY TTGAC(T/C)
MA1076.1 WRKY15 9.23E-21 WRKY TTGAC(T/C)
MA1298.1 WRKY29 2.59E-20 WRKY TTGAC(T/C)
MA1318.1 WRKY27 3.57E-20 WRKY TTGAC(T/C)
MA1299.1 WRKY17 3.12E-19 WRKY TTGAC(T/C)
MA1304.1 WRKY59 5.13E-19 WRKY TTGAC(T/C)
MA1086.1 WRKY43 5.77E-19 WRKY TTGAC(T/C)
MA1316.1 WRKY71 7.85E-19 WRKY TTGAC(T/C)
MA1313.1 WRKY7 2.78E-18 WRKY TTGAC(T/C)
MA1075.1 WRKY12 2.85E-18 WRKY TTGAC(T/C)
MA1088.1 WRKY48 3.56E-18 WRKY TTGAC(T/C)
MA1312.1 WRKY47 8.44E-17 WRKY TTGAC(T/C)
MA1091.1 WRKY62 1.20E-16 WRKY TTGAC(T/C)
MA1093.1 WRKY75 7.73E-16 WRKY TTGAC(T/C)
MA1317.1 WRKY50 1.65E-14 WRKY TTGAC(T/C)
MA1077.1 WRKY18 2.24E-14 WRKY TTGAC(T/C)
MA1090.1 WRKY60 2.64E-14 WRKY TTGAC(T/C)
MA1296.1 WRKY46 1.29E-13 WRKY TTGAC(T/C)
MA1092.1 WRKY63 1.32€-13 WRKY TTGAC(T/C)
MA1085.2 WRKY40 2.38E-13 WRKY TTGAC(T/C)
MA1081.1 WRKY25 6.17E-13 WRKY TTGAC(T/C)
MA1078.1 WRKY2 1.96E-12 WRKY TTGAC(T/C)
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MA1069.1 TGA6 1.22E-5 bzIp TGACGT

MAO0589.1 ZAP1 1.54E-5 WRKY TTGAC(T/C)

MA1047.1 TGAS 3.19E-5 bzIp TGACGT

MA1161.1 TSO1 6.94E-5 CpP AAATTTAAA

MAQ0983.1 DOF5.6 7.44E-5 C2H2 AAAG

MA0982.1 DOF2.4 8.00E-5 C2H2 AAAG

MAQ0973.1 CDF2 0.00014 C2H2 AAAG

MA1028.1 KAN4 0.00019 GARP GAATATTC

MA1344.1 bZIP28 0.00020 bzIP ACGTG(G/T)

MA1043.1 NACO083 0.00023 NAC/NAM ACG(C/T)AA

MA0933.1 AHL20 0.00023 AT-hook AATTAAAT

MA0931.1 ABI5 0.00026 bzIP CACGTG

MAO0558.1 FLC 0.00028 MADS box CC(A/T)6GG

MA0096.1 bzIP910 0.00031 bzIP TGACGT

MA0989.1 PHYPADRAFT_153324 0.00032 C2H2 AAAG

MA1280.1 OBP4 0.00037 C2H2 AAAG

MA1279.1 COG1 0.00038 C2H2 AAAG

MAO0552.1 PIF1 0.00038 bzIP CACGTG

MA1338.1 AREB3 0.00039 bzIP ACGTG(G/T)

MA1347.1 bZIP68 0.00048 bzIP CCACGT

Tab. S17 GO-enrichment analysis of 232 genes that were identified as targets of MVQ1 by ChiIP-seq
#of genes #of genes #ofgenes GO
GO Biological process (related classes clustered together) ingenome inupload expectedin Enrichment P-value
(27502) list (232)  upload list (fold )

response to chitin 136 13 11 11.84 6.88E-07
response to drug 592 17 4.78 3.56 2.56E-02
response to chemical 2874 59 23.2 2.54 4.30E-08
response to stimulus 6214 95 50.16 1.89 8.03E-08
response to oxygen-containing compound 1619 40 13.07 3.06 1.00E-06
response to organonitrogen compound 230 15 1.86 8.08 4.08E-06
response to nitrogen compound 294 17 2.37 7.16 1.83E-06
response to organic substance 2026 47 16.35 2.87 1.69E-07
hormone-mediated signaling pathway 770 22 6.22 3.54 1.29E-03
cellular response to hormone stimulus 881 24 7.11 3.37 8.71E-04
cellular response to endogenous stimulus 898 24 7.25 3.31 1.22E-03
response to endogenous stimulus 1745 37 14.09 2.63 2.52E-04
cellular response to organic substance 991 27 8 3.38 1.50E-04
cellular response to chemical stimulus 1166 35 9.41 3.72 9.98E-08
cellular response to stimulus 2697 58 21.77 2.66 1.07E-08
response to hormone 1728 37 13.95 2.65 1.98E-04
signal transduction 1750 40 14.13 2.83 8.94E-06
signaling 1779 40 14.36 2.79 1.41E-05
regulation of cellular process 4745 69 38.3 1.8 1.86E-03
regulation of biological process 5383 73 43.45 1.68 9.94E-03
biological regulation 6055 80 48.88 1.64 5.59E-03
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cell communication 2009 46 16.22 2.84 4.32E-07
protein phosphorylation 963 24 7.77 3.09 4.03E-03
phosphorylation 1308 29 10.56 2.75 3.08E-03
phosphate-containing compound metabolic process 1900 36 15.34 2.35 5.54E-03
phosphorus metabolic process 1943 37 15.68 2.36 3.48E-03
response to inorganic substance 935 22 7.55 291 2.74E-02
response to acid chemical 1198 26 9.67 2.69 1.68E-02
regulation of transcription, DNA-templated 2125 38 17.15 2.22 1.08E-02
regulation of nucleic acid-templated transcription 2126 38 17.16 2.21 1.09E-02
regulation of RNA biosynthetic process 2126 38 17.16 2.21 1.09E-02
regulation of RNA metabolic process 2203 38 17.78 2.14 2.69E-02
regulation of nucleobase-containing compound metabolic process 2290 39 18.49 211 3.73E-02
response to stress 3552 55 28.67 1.92 4.80E-03
Unclassified 4961 33 40.05 0.82 0.00E+00
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