Molecular analysis of Arabidopsis
susceptibility to oomycete pathogens

Nora R. Ludwig

Molecular analysis of Arabidopsis susceptibility to oomycete pathogens
PhD thesis
Nora R. Ludwig, May 2016
Utrecht University | Plant-Microbe Interactions
Copyright © 2016, Nora R. Ludwig
ISBN 978-90-393-6556-4
Cover: AgileColor Design studio/atelier | www.agilecolor.com
Layout: AgileColor Design studio/atelier | www.agilecolor.com
Printing: GVO drukkers & vormgevers | www.gvo.nl

Molecular analysis of Arabidopsis
susceptibility to oomycete pathogens
Moleculaire analyse van vatbaarheid
van Arabidopsis voor oomyceet ziekteverwekkers
(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht
op gezag van de rector magnificus, prof.dr. G.J. van der Zwaan,
ingevolge het besluit van het college voor promoties in
het openbaar te verdedigen op
woensdag 25 mei 2016 des ochtends te 10.30 uur

door

Nora R. Ludwig
Geboren op 1 juli 1980
te Groningen

Promotor:
Prof. Dr. C.M.J. Pieterse
Co-promotor:
Dr. A.F.J.M. van den Ackerveken

Contents
Chapter 1

7

General introduction and thesis outline

Chapter 2

21

DOWNY MILDEW RESISTANT 6 and DMR6-LIKE OXYGENASE 1 are
partially redundant but distinct suppressors of immunity in Arabidopsis

Chapter 3

51

The Arabidopsis oxygenase DOWNY MILDEW RESISTANT 6
negatively regulates plant immunity by 5-hydroxylation of salicylic acid

Chapter 4

81

Isolation and characterization of Phytophthora capsici-resistant
Arabidopsis mutants

Chapter 5

107

Summarizing discussion

References				

121

Summary

133

Samenvatting

135

Dankwoord

137

About the author

141

1
Chapter 1

1

8

General introduction

Plant pathogenic oomycetes
Oomycetes, also known as water moulds, are fungal-like organisms that belong to the
Stramenopile phylum. They are related to diatoms and brown algae and are proposed
to have evolved from a photosynthetic ancestor (Tyler, 2006). Besides free living
aquatic oomycetes, numerous species are terrestrial of which many are pathogenic on
animals and plants (Jiang and Tyler, 2012). Several infamous oomycete species are
among the most notorious plant pathogens, and are known for their huge impact on
agriculture and ecosystems. The potato late blight pathogen Phytophthora infestans,
for instance, is the causal agent of the Irish potato famine, and P. ramorum is known
for its devastation of oak trees and other plant species in natural ecosystems (Kamoun
et al., 2015). In the genus Phytophthora (meaning plant destroyer) more than 100
species have been described that are grouped in 10 clades based on molecular and
phenotypic data (Kroon et al., 2012). These pathogens infect a large range of plants on
which they have a hemi-biotrophic life style. Initially the infection is biotrophic, during
which the host is kept alive and pathogen and plant live in an intimate association.
However, at a given colonization level these pathogens switch to a necrotrophic life
style that includes the massive production of hydrolytic enzymes and toxins that kill
the host cells, leading to the typical blight and rot symptoms. In contrast, the downy
mildews, that together with the Phytophthora’s belong to the Peronosporales order,
have an exclusive biotrophic lifestyle and cannot even grow in the absence of a living
host. Being obligate biotrophs, these pathogens have often specialized on a single
host plant species. A stunning number of more than 700 downy mildew species are
known of which the phylogenetic relationships are still mostly unclear (Thines and
Choi, 2016). It is even doubtful if downy mildews form a monophyletic group, as
there are indications that some downy mildews group within the Phytophthora’s. The
relatively close evolutionary relationship between downy mildews and Phytophthora’s
is reflected in them being present in a single order; the Peronosporales.
Two other orders of plant pathogenic oomycetes are outside of the Peronosporales;
the Pythiales and Albuginales. Within the Pythiales the genus Pythium contains
more than 100 species, most of which inhabit soils or aquatic environments. Pythium
species are best known for causing damping-off of seedlings, for example caused
by the necrotrophic P. ultimum, while many other Pythium species are considered
opportunistic plant pathogens (Lévesque et al., 2010). More basal oomycetes are the
obligate biotrophic Albuginales, that contain plant pathogenic Albugo species causing
white blister rust, like white rust of Arabidopsis caused by A. laibachii (Kemen et al.,
2011). Phylogenetic analysis suggested that the Albuginales have evolved obligate
biotrophy independent of the downy mildews (Thines and Kamoun, 2010).
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In nature, the model plant Arabidopsis thaliana is commonly infected by two
oomycete pathogen groups; the downy mildew Hyaloperonospora arabidopsidis
(Hpa) and white rust species of the genus Albugo (A. laibachii and A. candida).
These naturally occurring obligate biotrophs have imposed evolutionary pressures
on Arabidopsis populations and have resulted in a high level of intraspecific variation
in resistance to these pathogens. Many of the underlying resistance genes have been
cloned and their downstream signaling pathways characterized (detailed below). The
Arabidopsis-Hpa pathosystem in particular is a well-studied interaction that is often
used in studies on plant immunity and disease susceptibility (Coates and Beynon,
2010). It is likely that under natural conditions Arabidopsis roots are susceptible to
infection by Pythium species, in particular at the young seedling stage, although this
has not been reported in the literature.
Infection of Arabidopsis by other oomycetes, for instance by Phytophthora species, has
not been observed under natural conditions, but has been achieved under laboratory
conditions. Complete infection cycles have been obtained on Arabidopsis using P.
brassicae (Roetschi et al., 2001), P. parasitica (Attard et al., 2010; Wang et al., 2011),
P. capsici (Wang et al., 2013a and chapter 2 & 4 of this thesis), P. palmivora (Daniel
and Guest, 2006), and P. cinnamomi (Robinson and Cahill, 2003). Strikingly, different
immune signaling pathways seem to be involved in resistance responses to each
of these Phytophthora species (Wang et al., 2013b). Within Arabidopsis, different
accessions show a range of infection phenotypes, from clearly compatible (resulting
in disease) to fully incompatible (resistant). Other Phytophthora species tested, for
instance P. infestans (Huitema et al., 2003) and P. sojae (Takemoto et al., 2003),
are not able to establish a successful infection on Arabidopsis but are effectively
stopped by the plant, possibly by early perception by the host immune system. In
the remainder of this introduction the focus will mostly be on oomycete pathogens of
Arabidopsis; from perception, via signal transduction to effective defense. The last
section will focus on disease susceptibility and also non-immunity-related forms of
resistance.

Pathogen perception
Plants have evolved various ways to fend off microbes (Pieterse et al., 2009). A
suite of surface-exposed detectors, named pattern recognition receptors (PRRs),
can recognize conserved microbe-associated molecular patterns (MAMPs), such
as bacterial flagellin or fungal chitin. Upon detection the PRRs activate a signaling
cascade that leads to MAMP-triggered immunity (MTI). MTI signaling via mitogen10
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activated protein kinase (MAPK) cascades and/or calcium-dependent protein
kinases (CDPKs) (Boudsocq et al., 2010) results in pathogen-nonspecific immune
responses such as the production of reactive oxygen species and nitric oxide, cell
wall reinforcement, and induction of defense genes (Hein et al., 2009; Nürnberger
and Kemmerling, 2009). Adapted pathogens are able to suppress MTI with effectors
that have evolved to interact directly with host defense-associated proteins, resulting
in effector-triggered susceptibility (Jones and Dangl, 2006). Intracellular nucleotidebinding, leucine-rich repeat (NLR) receptors that recognize these effectors or their
activity have evolved in plants as a second layer of pathogen perception. NLR proteins
are encoded by plant resistance genes and mediate Effector-Triggered Immunity
(ETI). Resistance to adapted pathogen species is often rapidly broken by loss or
mutation of effector genes or suppression of ETI by newly evolved effectors.
Although MAMP perception has many similarities between plants and animals, PRRs
have evolved independently (Ausubel, 2005). One class of PRRs in insects and
mammals encompasses the conserved transmembrane Toll-like receptors (TLRs)
that can often recognize multiple MAMPs (Akira et al., 2006). Plant PRRs identified
so far belong to the family of leucine-rich repeat receptor-like kinases (LRR-RLKs),
which has more than 600 members in Arabidopsis (Shiu et al., 2004), or receptor-like
proteins (LRR-RLPs) that lack a C-terminal kinase domain and interact with RLKs
for transducing signals (Gust and Felix, 2014). The best-described plant PRR is
FLS2 from Arabidopsis that recognizes bacterial flagellin, a major structural protein
of bacterial flagella. An N-terminal 22-amino acid residue fragment of this protein
(flg22) is sufficient to be recognized by FLS2 and to induce MTI (Gómez-Gómez
and Boller, 2000). Naito et al. (2008) showed that these residues are also essential
for flagellum function and motility of bacteria, which makes it difficult for bacteria to
circumvent this recognition. Another well-described plant PRR, that seems restricted
to Brassicaceae, is EFR, which recognizes the bacterial elongation factor Tu (EF-Tu)
or its shorter N-terminal fragment elf18 (Kunze, 2004). When this PRR is expressed in
the solanaceous plants Nicotiana benthamiana and tomato (Solanum lycopersicum),
it confers resistance to a broad spectrum of bacteria (Lacombe et al., 2010). Finally,
it has been shown that the receptor kinase CERK1 is required for responses to fungal
chitin and bacterial peptidoglycan (Miya et al., 2007; Willmann et al., 2011).
Oomycete pattern-triggered immunity
Only two PRRs recognizing oomycete MAMPs have been identified to date, the
receptor-like proteins ELR of potato and RLP23 of Arabidopsis. ELR mediates the
recognition of elicitins, secreted oomycete proteins that have a putative function as
extracellular sterol carriers (Du et al., 2015). Elicitins are known to act as MAMPs
in certain plant species, such as Solanum microdontum, which they induce a cell
11
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death response. ELR was cloned from this wild potato species and found to encode
a receptor-like protein that requires the receptor-like kinase BAK1 to induce elicitintriggered immunity. Recently, Arabidopsis RLP23 was found to be responsible for the
recognition of Nep1 (Necrosis- and Ethylene-inducing Protein 1)-like proteins (NLPs),
secreted proteins that are found in many plant-associated microbes that belong to
three different kingdoms of life (Oome et al., 2014). RLP23 was found to require the
co-receptors SOBIR1 and BAK1 for NLP-triggered immunity (Albert et al., 2015). NLP
genes are found in oomycetes belonging to the Peronosporales, but also in fungi and
bacteria. In oomycetes both cytotoxic and non-cytotoxic NLPs have been found, but
both types act as MAMPs in Arabidopsis (Oome et al., 2014; Böhm et al., 2014).
The immunogenic part of NLPs could be reduced to a synthetic peptide of <20 amino
acids that was shown to bind the RLP23 receptor (Albert et al., 2015).
Other molecules of oomycetes have been proposed to act as MAMPs (Hein et al.,
2009): (i) a hepta-β-glucoside derived from oomycete cell wall polysaccharides that
is recognized by soybean (Glycine max) (Fliegmann et al., 2004), (ii) the 13-amino
acid fragment Pep-13 derived from GP42, a calcium-dependent transglutaminase
that is abundant in the cell wall of Phytophthora sojae, and is sufficient to elicit PTI
responses in parsley (Brunner et al., 2002), and (iii) the Phytophthora cellulosebinding elicitor lectin (CBEL) that elicits a response in tobacco and Arabidopsis (Hein
et al., 2009; Khatib et al., 2004). Other groups of cell death-inducing or cytotoxic
proteins, such as the Crinkler proteins, might also qualify as oomycete MAMPs based
on their widespread occurrence among different pathogens (Thomma et al., 2011).
Intracellular perception of oomycetes in Arabidopsis
Plants have evolved intracellular receptors (NLRs) to detect effectors or their activity
to activate a strong defense response named effector-triggered immunity (ETI). The
Arabidopsis genes encoding these intracellular receptors were first identified through
genetic mapping of resistance genes. The Arabidopsis genome (Col-0) encodes a
total of around 150 NLR proteins, of which only a limited number have an assigned
function. The first cloned NLR was RPS2 that confers resistance to Pseudomonas
bacteria expressing the effector AvrRpt2 (Mindrinos et al., 1994). Soon after that
also R genes for resistance to downy mildew and Albugo were cloned. More than 25
R loci conferring isolate-specific resistance to Hpa have been genetically identified
in Arabidopsis and are named RPP, for Recognition of Peronospora parasitica, the
older name of this pathogen (Slusarenko and Schlaich, 2003). So far, 8 RPP genes
have been cloned, RPP1, RPP2, RPP4, RPP5, RPP7, RPP8, RPP13, and RPP39
and all encode cytoplasmic NLRs. Alleles of RPP1 confer different isolate-specific
resistances (Botella et al., 1998), and also RPP4 and RPP5 can be considered allelic
variants (Van der Biezen et al., 2002). Many of the other RPP loci map to the position
12
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of cloned RPP genes and could constitute allelic variants (Nemri et al., 2010). Broad
resistance to downy mildew, observed in certain Arabidopsis accessions, appeared
to be mediated by combinations of isolate-specific resistance loci (Lapin et al., 2012).
Two genes for resistance to Albugo have also been cloned. The RAC1 gene provides
isolate-specific resistance to Albugo candida Acem1 (Borhan et al., 2004), whereas
the WRR4 gene confers broad-spectrum resistance to four races of white rust (Borhan
et al., 2008). These R genes encode cytoplasmic NLRs that act similar to many of the
RPP proteins.

Immune signaling and responses
Following the perception of pathogens, signaling is initiated that ultimately results
in the execution of a broad range of defense responses that will stop the invading
microorganism. Here, I summarize important signal transduction components and
defense responses that are required for and/or effective against oomycete infection
of Arabidopsis.
In Arabidopsis, many genetic screens have been performed aimed at identifying genes
that are important for defense signaling. Some of these screens were focused on
signaling downstream of specific R proteins, while others were aimed to identify more
general signal transduction components. I will discuss two important plant proteins,
EDS1 and NPR1, that play crucial roles in the interaction with oomycetes and are well
studied in Arabidopsis. It is beyond the scope of this introduction to describe the large
number of genes involved in immune signaling, which are discussed in a number of
excellent reviews (Bigeard et al., 2015; Pieterse et al., 2012; Cui et al., 2015). EDS1
and NPR1 are closely linked to the immunity-related hormone salicylic acid (SA) that
is also key for resistance to oomycetes.
EDS1 (ENHANCED DISEASE SUSCEPTIBILITY 1) is a lipase-like protein that is
required for the function of a subgroup of NLRs, those with a Toll–interleukin 1 receptor
domain called TNLs. In addition, EDS1 has a function in oxidative stress responses and
as positive regulator in basal resistance, making the eds1 mutant enhanced disease
susceptible (Wiermer et al., 2005). Two sequence-related signaling partners, PAD4
(PHYTOALEXIN-DEFICIENT 4) and SAG101 (SENESCENCE-ASSOCIATED GENE
101), form complexes with EDS1 and have signaling functions in the cytoplasm and
nucleus. Interestingly, EDS1 was found to associate with AvrRps4, a Pseudomonas
effector, and to interact with TNLs, like RPS4 that mediates recognition of AvrRps4.
EDS1, being important for basal resistance, might be a target for pathogen effectors
and thus serve as a molecular bridge to mediate recognition by R proteins that
guard the EDS1 protein (Cui et al., 2015). The eds1 mutant was originally identified
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in a screen for loss of resistance to downy mildew (Parker et al., 1996). EDS1
was shown to be not only required for the function of TNL genes such as RPP1,
RPP4, and RPP5. Besides these resistance genes against Hpa also several others
against different pathogens require EDS1, such as the WRR4 gene for resistance
to Albugo. Virulent strains of Hpa and Albugo are also able to cause more severe
infections on eds1 mutant plants because of the reduced level of basal resistance
(Wiermer et al., 2005). Arabidopsis eds1 mutants are also enhanced susceptible
to a number of Phytophthora species, such as P. capsici (Wang et al., 2013a), and
P. parasitica (Attard et al., 2010). The lowered basal immunity is associated with
reduced production of the defense hormone SA, that is essential for defense against
biotrophic pathogens (Vlot et al., 2009). EDS1 positively regulates SA accumulation,
acting upstream of SA, but the EDS1 gene is also activated at the transcriptional level
by SA. EDS1 thus seems to be part of an SA-associated positive feedback loop of
plant defense (Feys et al., 2001).
SA is not only crucial for resistance to downy mildew, but also affects basal and R
gene-mediated resistance to many other oomycetes, such as P. capsici (Wang et al.,
2013b), or P. parasitica (Attard et al., 2010). Exogenous application of the hormone
SA is sufficient to trigger efficient defense responses to a broad range of pathogens,
including many oomycete pathogens, and in particular to downy mildew and hemibiotrophic Phytophthora species. SA (2-hydroxybenzoic acid) is synthesized via two
main routes, the isochorismate (IC) and phenylalanine ammonia lyase (PAL) route
(Dempsey et al., 2011). The Arabidopsis IC route goes via two IC synthases (ICS)
and an unknown IC pyruvate lyase. The ics1 (sid2) mutant has 90% lower levels
of SA (Wildermuth et al., 2001), and levels are ~95% lower in the ics1 ics2 double
mutant (Garcion et al., 2008). The ICS1 gene is induced by MAMPs and by NLRmediated pathogen recognition (Mishina and Zeier, 2007; Cui et al., 2015) leading
to high local levels of SA that activate defense. Besides local defenses, SA plays an
important role, together with pipecolic acid, in systemic acquired resistance (SAR),
that enhances immunity of distant plant tissues to protect against future infections
(Vlot et al., 2009; Bernsdorff et al., 2016).
Downstream of SA, the central NPR1 (NONEXPRESSOR of PR GENES 1)
protein plays a crucial role in the transcriptional activation of SA-induced defense
in Arabidopsis (Pieterse and Van Loon, 2004). Mutation of NPR1 leads to loss of
basal resistance to (hemi-)biotrophic pathogens and of SAR (Cao et al., 1997). NPR1
proteins form a multimeric complex in the plant cell cytoplasm. Upon triggering of
the plant immune system SA accumulates and subsequently elicits the thioredoxinmediated reduction of a cysteine residue in NPR1 (Yan and Dong, 2014). This
results in the release of monomeric NPR1 that can travel into the nucleus where it
interacts with TGA transcription factors to activate transcription of defense genes, like
pathogenesis-related (PR) genes (Boyle et al., 2009). NPR1 and the two paralogous
14
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Arabidopsis proteins NPR3 and NPR4 have been shown to bind SA and could thus
constitute the SA immune receptors (Kuai et al., 2015).
It is well known that many proteins are specifically produced during plant defense (Van
Loon, 1997). In particular, many secreted and vacuolar ones have been classified
as pathogenesis-related proteins. Also in Arabidopsis many PR proteins have been
identified, e.g. PR1, PR2, and PR5 that were found in apoplastic fluid of Arabidopsis
treated with 2,6-dichloroisonicotinic acid (INA), which is a mimic of SA (Uknes et al.,
1992). Several of these PRs have anti-microbial activities, while others contribute to
resistance in unknown ways. One of the most used marker genes of SA-induced plant
defense is PR1. Plants have multiple PR1 genes encoding different protein variants
with different activities (Van Loon, 1997). Several tobacco PR1 proteins have antimicrobial activity on the oomycete P. infestans. Spore germination and pathogen
growth in planta was effectively inhibited by PR1 proteins purified from tobacco and
other solanaceous plants (Niderman et al., 1995). Overexpression of several PR1
genes in different plant species also increased their resistance to oomycetes (Sarowar
et al., 2005; Broekaert et al., 2000), whereas the effect on other pathogen taxa is
unclear. Surprisingly, the mode of action of PR1 proteins on microorganisms is still
unclear.The PR2 proteins are ß-1,3-beta-glucanases that are thought to attack the
cell wall of invading fungi and oomycetes. Several cases of enhanced resistance to
oomycetes of plants overexpressing PR2 were reported (Broekaert et al., 2000).
Another important family of PRs are the PR5 proteins, that encompass the osmotins
and thaumatin-like proteins (Van Loon et al., 2006). A 24-kD protein, named osmotin,
isolated from tobacco, was shown to have inhibitory activity to P. infestans in vitro
(Woloshuk et al., 1991). Overexpression of osmotin in transgenic potato plants
delayed the development of late blight disease caused by P. infestans (Liu et al.,
1994). Osmotin was shown to trigger cell death in Saccharomyces cerevisiae through
its interaction with a plasma membrane protein (Narasimhan et al., 2005). It is unclear
whether a similar activity is also effective against oomycetes.
Other non-proteinaceous compounds that are important for resistance to oomycetes
in Arabidopsis are small secondary metabolites. Important anti-microbial compounds
produced by Arabidopsis are for instance indol-glucosinolates (iGS, Bednarek, 2012)
and the phytoalexin camalexin (Glawischnig, 2007). Mutant plants that no longer
produce either iGS or camalexin are only slightly more susceptible to P. brassicae
(Schlaeppi and Mauch, 2010). The effect appeared stronger when tested with P. capsici
(Wang et al., 2013b). In both cases, a very strong gain in susceptibility was observed
in the double mutant cyp79b2 cyp79b3, that is blocked in the production of indole-3aldoxime, which is a common precursor for iGS and camalexin. Camalexin appears to
contribute to resistance to Arabidopsis downy mildew, as several phytoalexin-deficient
(pad) mutants are slightly more susceptible to Hpa. Whether iGS also contributes
15
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to downy mildew resistance is not clear, although a proposed role of iGS in innate
immunity suggests it would contribute to basal resistance (Clay et al., 2009). Many new
compounds with anti-microbial activity are still being discovered in Arabidopsis, such
as the recently discovered 4-hydroxyindole-3-carbonyl nitrile (4-OH-ICN), a previously
unknown Arabidopsis metabolite (Rajniak et al., 2015). This is not surprising as each
plant species is thought to produce thousands of secondary metabolites, many of
which have a presumed role in defense (Dixon, 2001).

1

Suppression of immunity by oomycetes
All microbes, including oomycetes, trigger plant immune responses through the patterns
that they expose during infection. Adapted pathogens have evolved mechanisms to
deal with these basal plant defense responses and cause disease. As described above,
Phytophthora and downy mildew species secrete NLPs that are recognized as MAMPs
by Arabidopsis (Oome et al., 2014). Nevertheless, Hpa is a successful pathogen on
Arabidopsis because it is able to effectively suppress basal immune responses. An
even more striking example of suppression of plant immunity by oomycetes is that
of the white rust pathogen Albugo candida that can suppress host cell death in the
Arabidopsis lesion mimic mutant lsd1, and facilitate secondary infections, even of
avirulent pathogens (Cooper et al., 2008). Albugo species also affect microbes in
the phyllosphere upon infection, thereby shaping the leaf microbiome (Agler et al.,
2016). Oomycetes are known to use effector proteins to modulate plant processes, in
particular to suppress immunity. Most interesting in this respect are the so-called hosttranslocated effectors that have their activity inside of plant cells (Stassen and Van den
Ackerveken, 2011). Most of these proteins have a signal peptide for export from the
pathogen and a motif for translocation into the host cell. The known ones in effectors
of Phytophthora and downy mildew species are the RXLR-like motifs often linked to
an EER sequence (Whisson et al., 2007), and the LXLFLAK-motif in Crinckler (CRN)effectors (Schornack et al., 2010). Albugo species harbor only a few RXLR and CRN
genes, but instead encode many different CHXC effector proteins that might function
inside the host cell (Kemen et al., 2011). It is beyond the scope of this introduction
to detail the many identified oomycete effectors, their immune-suppressing activities,
and host targets that have been identified in the last decade. The host target proteins
that are modulated by oomycete effectors are often important players in plant defense
(Stassen and Van den Ackerveken, 2011; Doehlemann et al., 2014). Their mutation
can either lead to plants with enhanced susceptibility, for instance when dealing with
positive regulators of immunity or important defense components, or lead to resistance.
These latter proteins are referred to as susceptibility factors. Effectors can reveal
these important proteins that can also form the basis for new strategies of resistance
breeding by mutation (Gawehns et al., 2013).
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Susceptibility to oomycetes
Many non-immunity related processes are thought to contribute to plant disease
susceptibility. Plants often inadvertently facilitate pathogens in establishing disease.
Three different levels of susceptibility-enabling processes can be distinguished: (i)
attraction and attachment of pathogens to host cells, (ii) accommodation of specialized
infection and feeding structures inside plant cells, and (iii) nutrient production and
transport from host to pathogen (Lapin and Van den Ackerveken, 2013). One can
imagine that mutation of host genes that affect any of these processes leads to
plants with reduced disease susceptibility. However, such mutations could also
affect basal plant processes that affect the overall physiology of the plant. Generally
spoken, susceptibility (S) genes can be defined as genes that are involved in disease
susceptibility and contribute positively to the infection process. It is then evident that
impairment of S genes leads to enhanced disease resistance.
In Arabidopsis several genes for susceptibility to oomycetes have been identified. A
number of these are involved in host amino acid metabolism, e.g., the ASPARTATE
KINASE2/RAR1 SUPPRESSOR 1 (AK2/RSP1), DIHYDRODIPICOLINATE SYNTHASE2/
RAR1 SUPPRESSOR 2 (DHDPS2/RSP2) and DOWNY MILDEW RESISTANT 1 (DMR1).
The rsp1 and rsp2 mutants accumulate methionine, threonine and isoleucine, which
is linked to increased resistance to Hpa (Stuttmann et al., 2011). Similarly, the
Arabidopsis dmr1 mutant, that is mutated in HOMOSERINE KINASE (HSK), has
increased levels of homoserine, which is a common precursor of methionine, threonine,
and isoleucine. L-homoserine application was sufficient to make Arabidopsis resistant
to Hpa (Van Damme et al., 2009). The resistance in rsp1, rsp2 and dmr1 mutants
is independent of salicylic acid (SA)-induced defense (Stuttmann et al., 2011; Van
Damme et al., 2009).
Other susceptibility proteins could be identified as targets of pathogen effectors. An
interactome study in Arabidopsis using Hpa effectors in the yeast two-hybrid system
revealed many candidate effector targets. Several of those that were also targeted
by Pseudomonas effectors were found to be candidate susceptibility proteins, as
the corresponding mutants were enhanced resistant to Hpa infection (Mukhtar et
al., 2011). Recently, the potato StNRL1 protein, an ubiquitin E3 ligase, was found
to be targeted by the P. infestans RXLR effector Pi02860. The effector enhanced
susceptibility to infection by acting on StNRL1. Silencing of the StNRL1 gene in
Nicotiana benthamiana resulted in reduced susceptibility to P. infestans, indicating it
can be considered a susceptibility gene (Yang et al., 2016).
A very different group of susceptibility genes are those that encode negative
regulators of immunity. When impaired, for instance by mutation, these regulators
are no longer able to suppress certain immune responses and therefore show an
17
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enhanced disease resistance. Two examples from Arabidopsis are the IMPAIRED
OOMYCETE SUSCEPTIBILITY1 (IOS1) and the DOWNY MILDEW RESISTANT 6
(DMR6) proteins. IOS1 is a leucine-rich repeat receptor-like kinase (LRR-RLK) and is
required for full susceptibility to Hpa. In addition, the ios1 mutant is also resistant to
the oomycete P. parasitica (Hok et al., 2011, 2014). The loss of susceptibility of the
ios1 mutant seems linked to ABA hypersensitivity and independent of plant defense
mechanisms. Impairment of negative regulation of ABA signaling in ios1 is suggested
to lead to impaired susceptibility to Hpa (Hok et al., 2014). Also, Arabidopsis dmr6
mutants are resistant to Hpa, the oomycete P. capsici, and other biotrophic pathogens
(Van Damme et al., 2005, 2008; Zeilmaker et al., 2015). DMR6 and its close paralog
DMR6-LIKE OXYGENASE 1 (DLO1/S3H) are needed for hydroxylation of SA to 2,5and 2,3-dihydroxybenzoic acid, respectively (Chapter 3 of this thesis, Zhang et al.,
2013). Overexpression of DMR6 and DLO1 leads to depletion of SA, which renders
the plants highly susceptible to Hpa (Zeilmaker et al., 2015).
An important question to keep in mind when analyzing mutants with lesions in genes
encoding negative regulators of immunity is whether they truly have a suppressive
role in defense. This is particularly important for mutants that show autoimmune
phenotypes, also referred to as lesion mimic mutants (Rodriguez et al., 2015). There
are several examples of “negative regulator” mutants that can be suppressed by
mutations in NLR genes encoding for cytoplasmic immune receptors. For instance,
the Arabidopsis mpk4 mutant exhibits constitutive activation of defense and was
classified as a negative regulatory mutant. However, it appeared that the mpk4
mutation required the presence of the NLR SUMM2 (Zhang et al., 2012). The idea
is that the MPK4 protein, which is a target of the Pseudomonas effector HopAl1, is
guarded by the NLR SUMM2. In the mpk4 mutant, SUMM2 would be constitutively
triggered resulting in an autoimmune phenotype.
Ongoing and future studies are likely to reveal more plant proteins that have an
important role in disease susceptibility to oomycete pathogens. Besides finding
additional components of the plant immune system, also non-immunity-related
proteins that function in ‘attracting’, ‘accommodating’, and ‘feeding’ pathogens can
be found. The identification and functional analysis of the encoding genes could
uncover so far unknown molecular processes in plant disease susceptibility, that will
be instrumental in the design of novel strategies for disease resistance breeding.
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Thesis outline
The aims of this study were to functionally analyze the Arabidopsis susceptibility
gene DMR6 and to identify new P. capsici-resistant mutants that could reveal novel
Arabidopsis susceptibility genes.
Chapter 2 describes the negative regulation of defense by the 2OG oxygenase DMR6
and its paralog DLO1. dmr6 and dlo1 mutants are enhanced resistant to Hpa which
is due to enhanced levels of salicylic acid (SA). A dmr6-3 dlo1 double mutant shows
even stronger resistance and higher SA levels than the single mutants, indicating
partial redundancy between DMR6 and DLO1. DMR6 and DLO1 differ in their spatial
expression pattern in downy mildew-infected Arabidopsis leaves; DMR6 is mostly
expressed in cells that are in contact with hyphae and haustoria of H. arabidopsidis,
while DLO1 is expressed mainly in the vascular tissues near infection sites. We
conclude that DMR6 and DLO1 redundantly suppress plant immunity, but also have
distinct activities based on their differential localization of expression.
In Chapter 3 I describe the roles of DMR6 and DLO1 in 5- and 3-hydroxylation of SA,
respectively. While dmr6 and dlo1 mutant plants accumulate SA, overexpression lines
of DMR6 and DLO1 have low levels of SA, but high levels of the enzyme products 2,5and 2,3-DHBA, respectively. One amino acid in the otherwise conserved proposed
substrate-binding pocket differs between DMR6 (Tyr) and DLO1 (Phe), and their
respective orthologs. This amino acid difference appeared not to be responsible for
the difference in position of hydroxylation on the aromatic ring of SA mediated by
DMR6 and DLO1. The difference in activity between DMR6 and DLO1 seems mostly
determined by their promoter and not by the product of their enzymatic activity. We
conclude that DMR6 and DLO1 control activated plant immunity in a tissue-specific
manner by lowering SA levels through hydroxylation.
Chapter 4 describes an EMS mutagenesis screen in search for novel susceptibility
genes required for the interaction with Phytophthora capsici. Screening of mutagenized
plants, in a highly susceptible genetic background, led to 32 P. capsici resistant
mutants. The genomes of the mutants were sequenced and the data was analyzed to
detect recessive mutations in the coding sequences of all Arabidopsis genes. When
focusing on non-synonymous mutations in coding sequences, we identified 98-259
mutated genes per mutant. A shortlist was made with candidate genes that were
mutated in three or more mutants. Validation of the candidate genes is currently being
performed by sequencing the corresponding mutations in resistant plants of BC1S2
populations.
In Chapter 5, the findings of the previous chapters are summarized and placed in a
broader perspective.
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Arabidopsis downy mildew resistant 6 (dmr6) mutants have lost their
susceptibility to the downy mildew Hyaloperonospora arabidopsidis. Here
we show that dmr6 is also resistant to the bacterium Pseudomonas syringae
and the oomycete Phytophthora capsici. Resistance is accompanied by
enhanced defense gene expression and elevated salicylic acid levels. The
suppressive effect of the DMR6 oxygenase was confirmed in transgenic
Arabidopsis lines overexpressing DMR6 that show enhanced susceptibility
to H. arabidopsidis, P. capsici, and P. syringae. Phylogenetic analysis of
the superfamily of 2-oxoglutarate Fe(II) dependent oxygenases revealed
a subgroup of DMR6-LIKE OXYGENASEs (DLOs). Within Arabidopsis,
DMR6 is most closely related to DLO1 and DLO2. Overexpression of DLO1
and DLO2 in the dmr6 mutant restored susceptibility to downy mildew
indicating that DLOs negatively affect defense, similar to DMR6. DLO1,
but not DLO2, is co-expressed with DMR6, showing strong activation
during pathogen attack and following salicylic acid treatment. DMR6 and
DLO1 differ in their spatial expression pattern in downy mildew-infected
Arabidopsis leaves; DMR6 is mostly expressed in cells that are in contact
with hyphae and haustoria of H. arabidopsidis, while DLO1 is expressed
mainly in the vascular tissues near infection sites. Strikingly, the dmr63 dlo1 double mutant, that is completely resistant to H. arabidopsidis,
showed a strong growth reduction that was associated with high levels of
salicylic acid. We conclude that DMR6 and DLO1 redundantly suppress
plant immunity, but also have distinct activities based on their differential
localization of expression.

DMR6 and DLO1 suppress immunity and are partially redundant

Introduction
Plant immunity is activated upon detection of invading microbes by the neighboring
host cells. A first line of defense is triggered by membrane-bound pattern recognition
receptors that sense microbe-associated molecular patterns (MAMPs) in the
extracellular environment (He et al., 2007). During attempted penetration of plants
by microbes, MAMPs become exposed and are recognized by the plant leading to
the activation of MAMP-triggered immunity (MTI). Adapted pathogenic microbes
are able to suppress MTI by deploying effector molecules that interfere with plant
immunity at the level of detection, signaling or production of defensive compounds
(Dou and Zhou, 2012). Plants have evolved a second class of immune receptors,
the nucleotide-binding and leucine-rich repeat (NLR) proteins, that detect pathogen
effectors directly, or through their modifying effect on host targets. The resulting
effector-triggered immunity (ETI) involves the activation of plant defense responses,
involving major reprogramming of the host transcriptome and metabolome (Truman
et al., 2006; Ward et al., 2010), and is often associated with programmed cell death
(PCD). It is evident that PCD is a strictly controlled process, as deregulated cell
death responses are detrimental to the host. Also other plant immune responses
need to be under strict control as they are energy-demanding and negatively affect
plant growth and development (Bolton, 2009). In addition, strong immune responses
pose a fitness cost for the plant (Heil and Baldwin, 2002). This is obvious in many
Arabidopsis mutants with constitutively activated immunity, such as the defense, no
death 1 (dnd1) mutant (Clough et al., 2000) and several constitutive expressor of
PR-genes (cpr) mutants (Clarke et al., 2000), that show strongly impaired growth and
dwarfed phenotypes.
Negative regulators of immunity in Arabidopsis belong to very diverse functional
classes, like ubiquitin ligases and MAP kinase cascades. Several plant U-box
proteins (PUBs) with E3 ubiquitin ligase activity are known to regulate the levels
of immune receptors and signaling proteins, thereby acting as negative regulators
of plant defense. PUB12 and PUB13 attenuate the activated flagellin receptor
FLS2, so that immune signaling is controlled (Lu et al., 2011). The pub13 mutant
also shows increased cell death, resistance to biotrophic pathogens, and enhanced
levels of the defense hormone salicylic acid (SA) (Li et al., 2012). The PUB22/23/24
proteins negatively affect MTI (Trujillo et al., 2008); it was recently shown that PUB22
interferes with exocytosis by mediating the degradation of the Exo70B2 protein
(Stegmann et al., 2012). The MAP kinase MPK4 is known to suppress immunity as
the mpk4 mutant shows constitutive SA-dependent defense (Petersen et al., 2000).
Expression of a constitutively active form of MPK4 in Arabidopsis resulted in reduced
defense levels and enhanced susceptibility to pathogen infection, confirming a role
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as negative regulator of immunity (Berriri et al., 2012). Recently it was shown that
the MAP kinase kinase kinase MEKK2 is negatively regulated by the MEKK1-MKK1/
MKK2-MPK4 kinase cascade, reducing activated levels of MEKK2 that would activate
immunity (Kong et al., 2012).

2

A number of genes encoding negative regulators of immunity are activated during
pathogen infection so that the inducible defense response is controlled and downregulated to prevent over-activation. Examples are the Nudix hydrolase-encoding
NUDT7 (Ge et al., 2007), and transcription factor-encoding WRKY48 (Xing et al.,
2008) that are induced upon infection or MAMP treatment. Similarly, the DOWNY
MILDEW RESISTANT 6 gene (Van Damme et al., 2008) is activated during infection
with compatible and incompatible isolates of the downy mildew Hyaloperonospora
arabidopsidis. Inactivation of DMR6 by mutation leads to a low constitutive activation
of defense-related genes and resistance to the downy mildew H. arabidopsidis (Van
Damme et al., 2008).
DMR6 belongs to the superfamily of 2-oxoglutarate Fe(II) dependent oxygenases
(2OG oxygenases, Pfam domain PF03171). This superfamily comprises 151
members in Arabidopsis (The Arabidopsis Information Resource, www.arabidopsis.
org, March 2014). However, for most of these proteins, including DMR6, their
metabolic activity is unknown. 2OG oxygenases are known to catalyze a plethora of
reactions that involve the oxidation of a substrate using molecular O2 (Hewitson et
al., 2005). They commonly use iron as co-factor and require 2-oxoglutarate as cosubstrate for supplying two electrons (Prescott and John, 1996). A general hallmark
of these enzymes is the presence of the conserved HxD/ExnH motif located on a
double-stranded beta sheet (Clifton et al., 2006). Together with two four-stranded
beta sheets (jelly roll fold) it capsulates the active center (Roach et al., 1995). 2OG
oxygenases are implicated in secondary metabolism and biosynthesis of signaling
molecules e.g. the biosynthesis of flavonoids, gibberellins, and alkaloids.
In this study, we functionally analyze the Arabidopsis DMR6 oxygenase and related
DMR6-LIKE OXYGENASE (DLO) 1 and 2. Overexpression of DMR6, DLO1, and
DLO2 increased disease susceptibility indicating the three proteins can act as
suppressors of immunity. DLO1 is highly co-regulated with DMR6, whereas DLO2 is
not expressed in leaves. During downy mildew infection, DMR6 and DLO1 are highly
activated, but in different parts of the leaf. The dmr6-3 dlo1 double mutant was found
to be completely resistant to H. arabidopsidis and showed a strongly reduced growth
associated with high levels of salicylic acid. Our data indicate that DMR6 and DLO1
have redundant, but also distinct, roles as suppressors of plant immunity.
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Results
Overexpression of DMR6 results in enhanced susceptibility to (hemi-)biotrophic
pathogens
Seedlings of the dmr6-1 mutant were previously described to be more resistant
to H. arabidopsidis, but not to P. syringae pv tomato DC3000 (Pst) (Van Damme
et al., 2008). When tested on adult dmr6-1 plants, however, strong resistance to
Pst was observed (Fig. 1). Compared to seedlings, adult dmr6-1 plants were also
more resistant to the obligate biotroph Hyaloporonospora arabidopsidis (Hpa).

2

Figure 1. The dmr6-1 mutant is resistant to Pst infection. dmr6-1 plants (B) show less symptom formation
compared to the parental line Ler eds1-2 (A) 3 days after infection with Pst. Susceptibility is regained in the
dmr6-1 mutant complemented with 35S:DMR6 (C). The data was confirmed by measuring the Pst growth (D).

In addition, strong resistance to the hemi-biotrophic oomycete Phytophthora capsici
was evident in dmr6-1 seedlings and adult plants when compared to its highly
susceptible parental line Ler eds1-2. Whereas all dmr6-1 mutant seedlings and seven
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out of eight adult dmr6-1 plants survived P. capsici infection, the vast majority of plants
of the parental line and of the DMR6-complemented dmr6-1 mutant were destroyed by
this pathogen (Fig. 2). The resistance of the dmr6-1 mutant to different (hemi-)biotrophs
suggests that in wild-type plants DMR6 suppresses immunity to these pathogens.

2

Figure 2. The dmr6-1 mutant is resistant to Phytophthora capsici. Disease phenotype of Ler eds12, dmr6-1 and dmr6-1 35S:DMR6 7 days after P. capsici inoculation. Ler eds1-2 (a, d, g) is highly
susceptible while the dmr6-1 mutant (b, e, h) shows resistance. Complementation of the dmr6-1 mutant
with an overexpression construct of DMR6 (c, f, i) renders the plants highly susceptible again. 18-day-old
seedlings (a, b, c) were inoculated with 50 zoospores/µL. Pictures of seedlings were taken at 7 days
post inoculation (dpi). Five week-old adult plants were spray- (d, e, f) or drop-inoculated (g, h, i) with 50
zoospores/µL. For drop inoculation, one drop (5 µL) was placed on each developed leaf. Pictures of adult
plants were taken at 5 dpi.

To investigate this idea the DMR6 coding sequence was expressed from the
constitutive 35S promoter in transgenic Col-0 lines. The DMR6 overexpression
lines showed a clear increase in disease susceptibility to Hpa and Pst (Fig. 3).
The level of Hpa sporulation, which is a measure of downy mildew infection,
was doubled in DMR6-overexpression lines compared to the control (Fig. 3C).
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Figure 3. Overexpression of DMR6 results in enhanced susceptibility towards Pst and Hpa. Disease symptoms of Col-0 (A, D) and Col-0 35S:DMR6 (B,
E) 7 days after Hpa infection (A, B), and 3 days after Pst infection (D, E). Overexpression of DMR6 results in more disease symptoms compared to the parental
line for both Hpa and Pst infection. (C) Amount of Hpa spores per mg fresh weight in Col-0 and Col-0 35S:DMR6. Bars represent standard error of 3 replicates.
Enhanced susceptibility was confirmed in multiple independent overexpression lines. (F) Pst bacterial count in 6-week-old Col-0 and Col-0 35S:DMR6 at 0,
1 and 3 dpi. Overexpression of DMR6 results in higher bacterial numbers. A bacterial suspension with OD 0.05 was sprayed on the plants. Bars represent
standard error of 4 replicates. T-test was used to determine the significance of difference. *, **, and *** indicate significant differences at p<0.05, 0.01, and 0.001
respectively.
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Also the development of disease-associated chlorosis was more pronounced in
DMR6-overexpression lines (Fig. 3B) than in non-transgenic Col-0 plants (Fig. 3A).
The increased susceptibility of six-week-old plants to Pst bacteria was also clearly
visible. While the control line (Col-0) showed a relatively low level of chlorosis and
lesions at 3 days post inoculation (Fig. 3D), the DMR6-overexpression line showed
more severe disease symptoms, i.e. more chlorosis and more and larger lesions
(Fig. 3E). The increased susceptibility of DMR6-overexpressors to Pst infection was
confirmed by bacterial growth assays that showed increased bacterial titers at 1
and 3 days post inoculation compared to the Col-0 control (Fig. 3F). Furthermore,
expression of the defense marker genes PR1, PR2, and PR5 in uninfected leaf tissue
was reduced by 50 to 80% in the DMR6 overexpression line compared to wild type
Col-0 plants that already have a very low level of expression (Fig. 4). The reduced
immunity of the DMR6 overexpression line, together with the enhanced resistance of
the dmr6-1 mutant, strongly supports the role of DMR6 as a suppressor of immunity.

Figure 4. Relative expression of PR-genes in plants overexpressing DMR6 shows that overexpression
of DMR6 results in reduced levels of PR gene transcripts. In absence of pathogen or other stimulants,
defense related genes PR1, PR2 and PR5 have lower basal levels in the DMR6 overexpressing plants
compared to wild type Col-0 plants. Columns represent fold change compared with Col-0, error bars
represent standard deviation.

As DMR6 is a putative oxygenase it is expected that its catalytic activity is required
to suppress immunity. To test this, we made substitutions for two of the amino acids
compromising the catalytic triad that binds the iron (Fe(II)) atom in DMR6, consisting
of two histidines (H212 and H269) and one aspartic acid (D214) residue. This triad
was shown to be essential for the activity of the oxygenases flavonone 3-hydroxylase
and anthocyanidin synthase (Lukačin and Britsch, 1997; Wilmouth et al., 2002). The
substituted proteins, DMR6H212D and DMR6H269Q, were not able to restore susceptibility
to Hpa (Fig. 5). This suggests that the enzyme activity of the DMR6 oxygenase is
required for restoring susceptibility of the dmr6-1 mutant and therefore also for its
function as a suppressor of immunity.
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Figure 5. Plants with catalytically inactive DMR6 remain resistant to Hpa infection. (A) Amount of
conidiophores per plant of 14-day-old seedlings (5 dpi) of Ler eds1-2, dmr6-1, dmr6-1 35S:DMR6WT, dmr61 35S:DMR6H212D and dmr6-1 35S:DMR6H269Q. Error bars represent standard deviation. Asterisks indicate
significant difference from dmr6-1 (Student’s T-test with P<0.0001). (B) Western blot analysis of DMR6,
DMR6H212D and DMR6H269Q shows that all proteins are expressed.

DMR6 and DMR6-LIKE OXYGENASEs represent separate branches of a distinct
clade in flowering plants
The Arabidopsis genome contains more than 150 2OG oxygenase genes, some of
which are similar to DMR6. To analyze the evolutionary conservation of DMR6 and
related oxygenases in flowering plants we phylogenetically analyzed the family of
2OG oxygenases that contain the 2OG-Fe(II) oxygenase superfamily Pfam domain
PF03171. From Arabidopsis thaliana and eighteen other flowering plants, of which
genome sequences and protein models were available in the Phytozome v7.0 database,
a total of 2912 proteins containing the PF03171 domain were selected using the
HMMER3 algorithm and subsequently filtered. To remove redundancy, small protein
fragments and very large proteins were excluded (for details see Material & Methods).
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This resulted in a selection of 2038 proteins that fulfill all criteria, including 106 of 151
predicted A. thaliana 2OG oxygenases. Phylogenetic clustering resulted in a tree (Fig.
6A) in which many distinct clades representing different enzyme activities are shown.
Well-characterized oxygenases include flavonone-3-hydroxylase (F3H) (Pelletier and
Shirley, 1996), 1‐aminocyclopropane‐1‐carboxylic acid (ACC) oxidase (Prescott and
John, 1996), and anthocyanidin synthase (ANS) (Wilmouth et al., 2002), which are
present in distinct clades different from the DMR6 clade (indicated in light grey in
Fig. 6A). Two separate branches can be distinguished in the DMR6 clade that each
contain 2OG oxygenases from dicots and monocots indicating that these subclades
were already present in the ancestor of all flowering plants or earlier (82% bootstrap
confidence). Figure 6B zooms in on the DMR6 clade of the 2OG oxygenase tree. For
clarity we only included the well annotated genomes of two monocots species, rice
(O. sativa) and maize (Z. mays), as well as seven dicots, A. thaliana, papaya (C.
papaya), A. lyrata, grapevine (V. vinifera), castor bean (R. communis), soybean (G.
max), and cucumber (C. sativus). In the upper subclade, DMR6 closely groups with
orthologues from dicots (grey vertical bar; Fig. 6B) and more distantly with those from
monocots (black vertical bar). The closest homologue of A. thaliana DMR6 is from
A. lyrata (the divergence between A. thaliana and A. lyrata occurred approximately
10 Mya ago (Hu et al., 2011). Gene duplications in the DMR6 clade are frequent in
monocots in the upper part of the tree and in soybean and grapevine in both branches
of the DMR6 clade. In the lower subclade, two A. thaliana DMR6 homologues cluster
together (Fig. 6B; indicated by the arrows) with two proteins from Arabidopsis lyrata
suggesting they are the result of a, relatively recent, gene duplication in the common
ancestor of these two species. These A. thaliana proteins, designated DMR6-LIKE
OXYGENASE 1 (DLO1, encoded by At4g10500) and DMR6-LIKE OXYGENASE 2
(DLO2, encoded by At4g10490), show 54 and 52% identity and 73 and 70% similarity
to DMR6, respectively (Suppl. Fig. S1). Also the DLO subclade shows a clear
separation of the monocot (indicated by the black vertical bar) and dicot (indicated
by the grey vertical bar) proteins suggesting that the ancestor of all flowering plants
already possessed a DLO besides DMR6. Grouping closely to DMR6, the DLOs form
an interesting group that was subsequently analyzed in more detail, focusing on the
A. thaliana DLO1 and DLO2 genes.
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Figure 6: Phylogenetic analysis of 2OG oxygenases. (A) Phylogeny of 2OG oxygenase proteins from
A. thaliana and 18 other flowering plants from the Phytozome database. A. thaliana proteins are indicated
by black boxes on the outer ring of the tree. (B) Close-up of the phylogenetic tree showing the DMR6clade of 2OG oxygenases that includes DLO1 and DLO2. Grey vertical bar represents dicots, black vertical
bar represents monocots. Official gene identifiers and species names are indicated. Bootstrap values are
shown in the tree. The scale represents branch length expressed as the relative number of amino acid
substitutions.
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Overexpression of DLO1 and DLO2 restores susceptibility of the dmr6 mutant

spores / mg plant tissue

2

The DLOs could have the same biological activity as DMR6 and were tested if they
could, similar to DMR6, restore susceptibility of the otherwise resistant dmr6-1 mutant.
To this end, DLO1 and DLO2 were expressed under the constitutive 35S promoter and
transformed into the dmr6-1 mutant background. Four independent T3 lines, transformed
with 35S:DLO1 or 35S:DLO2, were analyzed for their expression level and two lines
per construct were selected that showed clear transgene expression. To check for
susceptibility, 2-week-old plants were infected with Hpa isolate Cala2 and at five days
post inoculation (dpi) the number of spores per mg seedlings was scored as measure of
susceptibility (Fig. 7). Intriguingly, while dmr6-1 showed clear resistance, the 35S:DLO1
and 35S:DLO2 plants were highly susceptible, similar to or higher than Ler eds1-2, which
is the parental line of the dmr6-1 mutant. As negative controls, two oxygenase genes
outside of the DMR6/DLO clade (At3g60290 and At1g06620) were tested and found not
to restore susceptibility in the dmr6-1 mutant background (Fig. 8). The fact that DLO1
and DLO2, but not oxygenases outside of the DMR6/DLO clade, can complement the
otherwise resistant dmr6-1 mutant, suggests they have a function similar to that of DMR6.

dmr6-1

dmr6-1
35S:DMR6

dmr6-1
35S:DLO1

dmr6-1
35S:DLO2

Ler eds 1-2

Figure 7. DLO1 and DLO2 complement the dmr6-mediated resistance. Bars represent the average number
of spores per mg of plant tissue of dmr6-1, dmr6-1 complemented with 35S:DMR6 (one line), 35S:DLO1 and
35S:DLO2 (three independent lines per construct) and Ler eds1-2. Error bars represent standard error. This
experiment has been repeated twice with similar results.

As overexpression of DMR6 in the Col-0 background results in enhanced susceptibility
to downy mildew and other pathogens, we next investigated if overexpressing DLO1 and
DLO2 would also make Col-0 more susceptible. Transformants expressing the 35S:DLO1
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Conidiophores / plant

and 35S:DLO2 transgenes were selected and as controls Col-0 overexpressing DMR6
and the highly susceptible Col eds1-2 mutant (Bartsch et al., 2006) were included.
Disease assays with Hpa showed that overexpression of DLO1 and DLO2 lead to
enhanced susceptibility compared to the Col-0 parental line as shown by the higher level
of sporulation (Fig. 9). The observed enhanced susceptibility was comparable to the
DMR6 overexpression plants and the Col eds1-2 mutant. This confirms that the DLO1
and DLO2 proteins also act as negative regulators of defense and this suggests that they
have an activity similar or identical to DMR6 resulting in the same phenotypic effects.

2

Figure 8. Overexpression of two unrelated oxygenases fail to complement dmr6-mediated resistance.
Bars represent the average amount of conidiophores per plant of 14-day-old seedlings inoculated with 50
spores/µL of Hpa Cala2. Scoring was performed at 5 dpi. Error bars represent standard deviation. This
experiment has been repeated multiple times with similar results.

Figure 9. Overexpression of DLO1 and DLO2 increases susceptibility towards Hpa. Bars represent
the average amount of spores of Hpa isolate Cala2 on above ground parts of adult Col-0, Col eds1-2
and plants overexpressing DMR6, DLO1 and DLO2 (two independent T3 lines per construct). Error bars
represent standard deviation (n=5). This experiment has been repeated twice with similar results. The
expression of the transgenes was confirmed by qPCR.
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Expression of DLO1, but not DLO2, is immunity-related

2

The DLO1 and DLO2 complementation and overexpression lines were all generated
using the 35S promoter. It is, however, likely that the expression of the wild-type
DLOs is highly regulated similar to that of DMR6, which is strongly activated during
plant defense. Therefore, we analyzed publicly available gene expression data to
determine if DLO1 and DLO2 show immunity-related expression similar to DMR6. For
this analysis, data of nine different Affymetrix microarray experiments all dealing with
transcriptional profiling after pathogen attack, defense related hormone application
and elicitor/effector treatment, were used (Suppl. Table 1). The expression analysis
was focused on 30 2OG oxygenases that belong to the large clade containing the
DLOs and DMR6 (indicated with an asterisk; Fig. 6A). Hierarchical clustering of
these expression patterns allowed grouping of the 2OG oxygenase genes providing
information about which genes are co-regulated during plant immune responses (Fig.
10). Strikingly, DLO1 clusters with DMR6, whereas DLO2 does not show any coregulation with DMR6 or DLO1. DMR6 and DLO1 are both activated after infection
with the downy mildew Hpa, the powdery mildew Erysiphe orontii, and the bacterium
Pst as well as SA treatment. DLO2 clusters well away from DMR6 and DLO1 and
appears to be unresponsive in the different experiments. Further analysis of available
microarray data using Genevestigator revealed that DLO2 is not expressed in
response to any treatment or in any tissue, except for siliques, suggesting that DLO2
does not have a role in immunity of the vegetative plant tissues.
The responsiveness of the DLOs to Hpa infection was experimentally verified by
quantitative PCR (qPCR). As shown in Figure 11, DMR6 and DLO1 are highly
activated in plants infected with a compatible or incompatible isolate of Hpa. Also
following treatment with the SA mimic BTH, both DMR6 and DLO1 are strongly
activated. In contrast, DMR6 and DLO1 are unresponsive to methyl jasmonate (MeJA),
which is known to activate jasmonic acid-induced genes (Sasaki et al., 2001). DLO2
expression is undetectable (Ct values higher than 35) in the different experimental
conditions and therefore not included in the graph, confirming the Genevestigator
data. The fact that both DMR6 and DLO1 are activated during the plant’s immune
response suggests that in leaves of wild-type plants DLO1 also acts as a negative
regulator of defense. However, the question remains why the dmr6 mutants have
such a clear resistance phenotype in the presence of an intact DLO1 gene that could
take over DMR6 function?
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Fold change (log2 values)

Figure 10. Hierarchical clustering of expression profiles of a selection of 30 A. thaliana 2OG oxygenase
genes related to DMR6 (from figure 6A – branch indicated with asterisk) shows that DLO1, but not
DLO2 has a similar expression pattern as DMR6. Expression in response to biotic (Pseudomonas syringae,
Phytophthora infestans, Botrytis cinerea, Hyaloperonospora arabidopsidis, Erysiphe orontii and elicitors) or
hormone (SA) treatment is shown. Treatments are indicated below the clusters (more detail in suppl. table 1).
In this TREEVIEW, red indicates a higher level of gene expresssion relative to control or mock treatment, while
green indicates down regulation.

Figure 11. DMR6 and DLO1 are activated by BTH and Hpa. Average fold change (log2-values) of DMR6
and DLO1 in Col-0 after treatment with the SA analogue BTH and Methyljasmonate (MeJA) (1 dpi) as well
as infection with a compatible (Waco9) and incompatible (Cala2) Hpa isolate (3 dpi) compared to mock
treated plants. Error bars indicate standard deviation. The experiment was repeated twice with similar
results.
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DLO1 and DMR6 show different spatial expression in infected leaves

2

To analyze the tissue-specific expression of DLO1 during downy mildew infection,
we generated transgenic lines containing a construct with the DLO1 promoter fused
to the GUS reporter gene (pDLO1:GUS). Since we did not observe any expression
of DLO2, no GUS fusion with the promoter of DLO2 was constructed. Following Hpa
infection, DMR6 spatial expression was specifically detected at the sites that are in
direct contact with the pathogen (Fig. 12A, B) as has been described previously (Van
Damme et al., 2008). In contrast, DLO1 expression was not induced in cells that are
in close contact with the pathogen (Fig. 12C, D) but only in or around the main veins
of infected cotyledons and leaves. Interestingly, DLO1 expression was observed only
in areas of the leaf that are close to Hpa infection sites, indicating that the activation
of DLO1 depends on the presence of the pathogen. The absence of DLO1 activity
in haustoria-containing cells could explain why the DLO1 protein, expressed from its
own promoter, cannot fully complement for loss of DMR6 activity in the dmr6 mutants.
Whereas these data show distinct activities of the DMR6 and DLO1 genes, the extent
of redundancy of these genes is unclear and was therefore further studied genetically.

Figure 12. Expression of DLO1 is localized in the cells near the vascular tissue 4 days after Hpa
infection. GUS activity in pDMR6:GUS (A, B) and pDLO1:GUS (C, D) was visualized with magenta X-gluc
as substrate. Hpa growth was visualized with trypan blue staining. GUS activity in the pDMR6:GUS line is
specifically located in cells neighboring the hyphal growth (H), while that of pDLO1:GUS is located in cells
near the vascular tissue (V). Scale marker is 250 µm (A, C) or 50 µm (B, D).
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DLO1 function is partially redundant with DMR6
Redundancy analysis in mutant lines is best performed in the same genetic background.
We therefore obtained mutants in the Col-0 background for DMR6 (GABI-KAT line
GK-249H03.01, designated mutant dmr6-3) and DLO1 (SALK line 059907, named
dlo1). dmr6-3 dlo1 double mutants were generated and phenotypically analyzed
together with the dmr6-3 and dlo1 single mutants, as well as with the parental Col-0
line. The level of susceptibility to Hpa Waco9 was strongly reduced in the dmr6-3
mutant, and reduced to a lesser extent in the dlo1 mutant (Fig. 13A). Combining
the two mutations in the dmr6-3 dlo1 double mutant resulted in plants that showed
complete resistance to Hpa.
We next tested the level of defense gene expression in the mutants, as our previous
research on the dmr6-1 and dmr6-2 mutants showed increased levels of expression
of PR1 and other defense genes (Van Damme et al., 2008). Also the dmr6-3 mutant
showed elevated expression of PR1, PR2 and PR5, confirming our previous results
(Fig. 13B). The dlo1 single mutant showed slight increased PR1 levels but no significant
induction of expression of PR2 and PR5. In contrast, the dmr6-3 dlo1 double mutant
showed extremely high levels of defense gene expression. PR1 transcripts were more
than 30,000-fold higher in the dmr6-3 dlo1 mutant than in Col-0, and more than 100fold higher than in the dmr6-3 single mutant. In the tested mutants there was a clear
correlation between the level of resistance to downy mildew and increase in defense
gene expression, suggesting that resistance is caused by activation of plant immune
responses. Our data shows that the dlo1 mutation enhances the immunity of the
dmr6-3 single mutant, indicating that DLO1 and DMR6 act partially redundant.
This was further corroborated by the growth phenotype of the mutants. Plants grown
for 5 weeks under short day conditions showed striking differences between the
genotypes (Fig. 14). Whereas the dlo1 mutant (Fig. 14B) grows similar to Col-0 (Fig.
14A), and the dmr6-3 mutant (Fig. 14C) only shows a slight growth reduction, the
dmr6-3 dlo1 double mutant (Fig. 14D) displayed strong growth reduction resulting
in dwarfed plants. The growth reduction and level of resistance to downy mildew are
correlated in the tested mutants, suggesting these two phenotypes are functionally
linked. It is well known that strong activation of plant immunity can be accompanied by
severe growth reduction, which in many cases can be linked to high SA levels (Scott
et al., 2004). Indeed, levels of SA were more than 200 times higher in the dmr6-3
dlo1 double mutant than in the Col-0 control, and ~20 times higher than in the dmr6-3
mutant (Fig. 13C). The single mutant dmr6-3 showed a modest ~10 fold increase in
SA compared to the Col-0 control, whereas the dlo1 mutant did not accumulate more
SA than Col-0 (Fig. 13C).
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Figure 13. Redundancy of DMR6 and DLO1 is revealed in the dmr6-3 dlo1 double mutant that is
highly resistant to Hpa infection and shows high PR-gene expression and elevated SA levels. (A)
amount of Hpa conidiophores per seedling at 5 dpi for Col-0, dlo1, dmr6-3 and dmr6-3 dlo1 is shown. Error
bars depict standard deviation. This experiment has been repeated multiple times with similar results. (B)
Average fold change (log2 values) of expression of defense related genes PR1, PR2 and PR5 in dlo1,
dmr6-3 and dmr6-3 dlo1 compared to the Col-0 parental line. Expression levels are the mean of three
technical replicates Error bars indicate standard deviation. The experiment has been repeated twice with
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similar results. (C) Total salicylic acid (SA) content (µg/g FW) is shown for Col-0, dlo1, dmr6-3 and dmr6-3
dlo1. Means of thee biological replicates are presented, error bars represent standard deviation. All plants
were 14 days old at the moment of treatment.

To test if the high SA levels in dmr6-3 dlo1 are the cause of the dwarf phenotype and high
level of resistance to downy mildew, the double mutant was crossed to the sid2-1 mutant,
which is strongly compromised in SA biosynthesis as a result of loss of isochorismate
synthase 1 (Wildermuth et al., 2001). The triple mutant dmr6-3 dlo1 sid2-1 (Fig. 14E)
showed almost complete recovery of the growth phenotype of the dmr6-3 dlo1 double
mutant (Fig. 14D), although it remained slightly smaller than the sid2-1 mutant (Fig. 14F).

2

Figure 14. The dmr6-3 dlo1 double mutant shows a severe growth phenotype that is dependent on
SA and is strongly reduced in the sid2-1 background. Representive pictures of (A) Col-0, (B) dlo1, (C)
dmr6-3, (D) dmr6-3 dlo1 double mutant, (E) dmr6-3 dlo1 sid2-1 triple mutant and (F) sid2-1. Plants are
five weeks old and grown under short day conditions. dmr6-3, but not dlo1, shows a light growth reduction
compared to the Col-0 parental line. Also the dmr6-3 dlo1 sid2-1 triple mutant has a slight growth reduction
compared to the sid2-1 single mutant.
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Disease assays showed that also the high level of resistance of the dmr6-3 dlo1 double
mutant and dmr6-3 single mutant was strongly reduced in the absence of SID2 (Fig. 15A).
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Figure 15. Resistance of dmr6-3 dlo1 is only partially compromised in the dmr6-3 dlo1 sid2-1
triple mutant, whereas SA levels are strongly reduced in the sid2-1 background. (A) Amount of Hpa
conidiophores per plant, 5 dpi. Plants were 14 days old at inoculation. (B) Corresponding SA levels (in µg/g
FW) in Col-0, dmr6-3, sid2-1, dmr6-3 sid2-1, dmr6-3 dlo1 and dmr6-3 dlo1 sid2-1 plants. Note that figure
(B) is identical to figure 13C with exception of the SA levels of the dmr6-3 dlo1 sid2-1 mutant. Figure (B)
is added here for comparison to figure (A).

Because of the low SA levels the sid2-1 mutant is more susceptible to Hpa than
the wild type Col-0. The level of susceptibility to Hpa correlates well to the level of
total SA in the mutants (Fig. 15B). Both dmr6-3 as well as the dmr6-3 dlo1 double
mutant show no sporulation at 5 dpi and have the highest SA levels. The triple mutant
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dmr6-3 dlo1 sid2-1 still contains more SA than Col-0, which might explain its lower
susceptibility to downy mildew. We conclude that both the resistance to Hpa, as
well as the growth reduction of the dmr6-3 dlo1 mutant is the result of increased SA
levels. The extreme phenotypes of the double mutant demonstrate that the DLO1 and
DMR6 genes act redundantly. However, the dmr6-3 single mutant is more resistant to
downy mildew than the dlo1 mutant. Together with the observed different localization
of expression of the DMR6 and DLO1 genes, our data indicate that the DMR6 and
DLO1 genes have distinct but partially redundant functions as negative regulators of
plant immunity.

Discussion
The 2-oxoglutarate Fe(II) dependent oxygenases are widely present in all flowering
plant species (Kawai et al., 2014). In this study we focused on identifying oxygenases
that share high sequence conservation with Arabidopsis DMR6. 2OG oxygenase
proteins belonging to the DMR6 clade were found in all monocot and dicot species
analyzed and grouped into two distinct subclades, one containing A. thaliana DMR6,
and the other two closely-related A. thaliana paralogs, designated DLO1 and DLO2.
Both subclades contain dicot and monocot orthologues indicating that the ancestor of
flowering plants already contained both a DMR6 and DLO gene.
In this study the A. thaliana DLO1 and DLO2 genes were analyzed in more detail
since they could play a role in plant immunity. Indeed, overexpression of DLO1
and DLO2 could restore susceptibility of the resistant dmr6 mutant, and enhance
susceptibility of wild type Col-0 plants, similar to overexpression of DMR6. This
indicates that DLO1 and DLO2 have a molecular activity comparable to DMR6 and
can act as negative regulators of plant immunity. Analysis of genome-wide expression
data related to pathogen, elicitor and hormone treatment, showed that DLO1 is coregulated with DMR6 (Figure 10). A clear induction after pathogen attack and salicylic
acid is observed for these genes. Like DMR6, DLO1 is transcriptionally activated in
compatible and incompatible interactions with Hpa. DLO2 on the other hand is not
expressed during Hpa infection or after SA or BTH treatment, making it very unlikely
that this gene has a role in Hpa-infected leaves. Although DMR6 and DLO1 are coexpressed, they show distinct differences in the localization of expression. Infection of
promoter GUS fusion lines showed that whereas DMR6 is mainly expressed in cells
that are in close contact to Hpa, DLO1 expression is high in the vascular tissue in the
vicinity of the infection sites, but not in the interacting mesophyll cells. We speculate
that, in the ancestor of all flowering plants, the DMR6 and DLO genes have originated
by gene duplication, followed by sub functionalization to result in genes with a similar
function but different localization of expression.
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A similar phenomenon was described for several GA-oxidases belonging to the 2OG
oxygenase superfamily that regulate levels of the hormone gibberellin (Pimenta
Lange and Lange, 2006). The GA-oxidase genes exhibit different expression patterns
depending on developmental status and environmental cue (for instance in response
to low temperature (Yamauchi et al., 2004)) thereby controlling the GA level during
the different growth stages of the plant (Pimenta Lange and Lange, 2006). It has been
shown for example, that three of the five GA 20-oxidases, GA20ox1 to 3, that catalyze
the oxidation reaction from C20-GA to C19-GA, a precursor of bioactive GA, show
different tissue-specific expression (Rieu et al., 2008a). GA20ox1 is mainly expressed
in stems, GA20ox2 in flowers and siliques, and GA20ox3 only in siliques (Rieu et al.,
2008b). Although these three genes have the same molecular function, they show a
different expression pattern that contributes to organ-specific GA biosynthesis.

2

Our research revealed that DMR6 and DLO1 act redundantly as negative regulators
of plant immunity. Whereas the dmr6-3 mutant already showed strong resistance to
Hpa, and the dlo1 mutant a lower level of resistance, the dmr6-3 dlo1 double mutant
showed complete resistance. Increased SA levels are the cause of resistance, as
reduction of SA levels by mutation of the ISOCHORISMATE SYNTHASE 1 gene (in
the sid2-1 mutant) resulted in a strong reduction of resistance. Loss of resistance was
not complete, as there was still SA produced in the dmr6-3 sid2-1 double mutant and
dmr6-3 dlo1 sid2-1 triple mutant, to a level that was slightly higher than in the Col-0
control. It is known that the sid2-1 mutant is not completely devoid of SA. In Arabidopsis,
SA is mainly derived from isochorismate produced from chorismate by isochorismate
synthase that is encoded by two genes ICS1 (SID2) and ICS2 (Garcion et al., 2008).
SA levels in the ics1 (sid2-1) mutant are roughly 10% of that in wild-type Arabidopsis
Col-0 (Wildermuth et al., 2001), whereas the ics1 ics2 double mutant shows a further
reduction by ~30% (Garcion et al., 2008). An isochorismate-independent route is
thought to be responsible for the minor residual level of SA present in the ics double
mutant. Nevertheless, our data clearly demonstrate that dmr6-3- and dmr6-3 dlo1based resistance requires SA accumulation for the activation of plant immunity.
When attacked by biotrophic pathogens Arabidopsis and many other plant species
synthesize SA that is an inducer of a large number of pathogenesis-related genes
(PR genes). Several SA-induced PR proteins are known to have antimicrobial activity
that contributes to plant disease resistance (Van Loon, 1997). We have shown that
dmr6-based resistance is not only effective against downy mildew, but also against
the bacterial pathogen Pst and the oomycete P. capsici, that are both known to be
sensitive to SA-induced defenses.
Recently, it was described that the DLO1 gene, which is also activated during
senescence, encodes a 2OG oxygenase that can hydroxylate SA to form
2,3-dihydroxybenzoic acid (2,3-DHBA), and was therefore named SALICYLIC ACID
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3-HYDROXYLASE (S3H) (Zhang et al., 2013). The S3H (DLO1) protein was shown
to reduce SA levels to control the onset and rate of leaf senescence by acting in a
negative feedback regulation system. The s3h (dlo1) mutant accumulates SA that is
responsible for its enhanced senescence (Zhang et al., 2013). Since we showed that
the dmr6-3 mutant accumulates even more SA than the s3h (dlo1) mutant, it is likely
that DMR6 also catabolizes SA, possibly by a similar hydroxylation reaction. We are
currently investigating whether DMR6 has SA-hydroxylase activity. In the dmr6-3 dlo1
double mutant SA accumulates to even higher levels, suggesting that DMR6 and
DLO1 (S3H) together, are key players in the conversion of SA, thereby negatively
regulating plant immunity. The fact that DMR6 and DLO1 (S3H) are both activated
during pathogen infection indicates that they are part of a feedback regulation system
to tightly control the level of SA. We envision that by activating DMR6 and DLO1,
the plant is able to fine-tune its immune response and prevent uncontrolled SA
accumulation and over-activation of defense with detrimental effects on plant growth
and development.

Material and Methods
Plant growth conditions and pathogen infections
Unless noted otherwise, seeds were stratified for three days at 4°C. Plants were
grown on potting soil (Primasta) at 21°C with 16 h of light with 75% relative humidity.
Hpa inoculation was performed on 14-day-old Arabidopsis seedlings or six-week-old
plants as described before (Van Damme et al., 2005). To measure the growth of Pst
six-week-old plants were sprayed with a bacterial suspension (OD 0.05) with 0.02%
silwet. Leaves (4 plants per line; 3 leaves per plant) were taken for colony counting
0, 1 and 3 days post inoculation. For P. capsici inoculation plants were grown on
potting soil at 21°C with 10 h of light at 70% relative humidity. 48 seedlings per
line were transplanted at 12 days post germination (dpg) and P. capsici inoculation
(50 zoospores/µL) was performed using a spray gun at 18 dpg. Inoculated plants
were kept in the dark for 24h and at 100% relative humidity for 7 days. Scoring was
performed at 7 dpi by counting the number of dead plants. P. capsici LT3112 was
grown on V8 agar (V8A) plates (20% v/v V8 juice, 1.5% agar, 35mM CaCO3) for
one week at 10h of light at 21°C. Zoospore production was performed by cutting the
mycelium-containing V8A into squares and dividing it over two petri-dishes. 10 mL
dH2O was added and refreshed after an hour. Plates were kept at RT for 3 days and
were given a cold shock for one hour at 4°C to release zoospores. All experiments
were repeated twice with similar results.
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Plant treatments and qCPR analysis
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RNA isolation was conducted using RNeasy kits (Qiagen) including treatment with
DNase (Qiagen). cDNA was synthesized with Superscript-III reverse transcriptase
(Invitrogen) from total RNA. Cycle thresholds using the ABI PRISM 7700 system
(Applied Biosystems) were determined using SYBR Green as reporter dye. The
resulting Ct values were normalized using ACTIN2 levels (At3g18780) with primers
QACT2F and QACT2R. DMR6 expression was analyzed using primers: QDMR6F and
QDMR6R. PR1, PR2, and PR5 expression were analyzed using primers: QPR-1F,
QPR-1R, QPR-2F, QPR-2-R, QPR-5F, and QPR-5R (Suppl. Table 2). The induction
treatments were performed by spraying 100 μM BTH or 100 μM MeJA onto 14-day
old seedlings. After 24 hours, the seedlings were harvested for RNA isolation. Hpa
isolates Waco9 and Cala2 were sprayed (50 spores/μl) onto 14-day-old seedlings
and harvested 3 days post inoculation. DLO1 expression was analyzed using primers:
QDLO1F and QDLO1R (Suppl. Table 2).
Phylogenetic analysis and data mining
The described phylogenetic analysis was performed using the monocot species
Brachypodium distachyon, Oryza sativa, Setaria italica, Zea mays, and Sorghum
bicolor. Dicot species used were Manihot esculenta, Ricinus communis, Medicago
truncatula, Glycine max, Cucumis sativus, Prunus persica, Arabidopsis thaliana,
Arabidopsis lyrata, Carica papaya, Citris clementina, Eucalyptus grandis, Vitis
vinifera, Mimulus guttatus, and Aquilegia coerulea from the Phytozome v7.0 database
(Goodstein et al., 2012). Proteins that solely contain the PF03171 domain were
selected using the HMMER3 algorithm. Proteins exceeding 20% length difference
compared to A. thaliana DMR6 were removed from the selection. If proteins were
100% identical, only one of the proteins was included. The alignment was performed
using MAFFT applying the LINSi algorithm option (Katoh et al., 2002). The tree was
calculated using RAxML (v.7.0.4), with the WAG substitution matrix and GAMMA
model of rate heterogeneity (Stamatakis, 2006). The robustness of the phylogenetic
tree was assessed by bootstrapping with 100 replicates for the initial phylogeny (Fig.
6A) and 1,000 for the subset (Fig. 6B). Selected publicly available immunity-related
microarray experiments were obtained as processed data from Array Express (http://
www.ebi.ac.uk/arrayexpress/). A list of experiments used is provided (Suppl. Table 1).
For each gene, expression values in replicate slides were averaged. Subsequently,
average expression values for treatment slides were divided by average value of the
control replicates, to obtain fold change (using R 2.10.1, http://www.R-project.org).
Fold change was calculated per gene, and log2 values were then plotted using MeV
4.5.1 (Saeed et al., 2006). Data was clustered using Pearson correlation with average
linkage.
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Generation of mutants and overexpression lines
DLO1 (At4g10500), DLO2 (At4g10490), At3g60290 and At1g06620 were amplified
from Col-0 and cloned into the pENTR vector using Gateway® cloning (Invitrogen).
Constructs were cloned into the pB7WG2 Gateway® compatible binary vector. These
were transformed via A. tumefaciens strain C58C1:pGV2260 in Col-0 and dmr6-1
plants using floral dipping (Zhang et al., 2006). Transformants were selected using
BASTA. Site directed mutagenesis constructs were constructed using the Phusion SiteDirected Mutagenesis Kit (Thermoscientific) and cloned into the pFAST R05 vector
(Shimada et al., 2010) and transformed via A. tumefaciens strain GV3101:pMP90
in dmr6-1 plants using floral dipping. Western blot analysis using anti-GFP antibody
(Miltenyi Biotec) was performed to verify if the protein was expressed in planta. dmr63 was obtained through NASC (N329085) and genotyped using primers no097,
no098 and no089 (Suppl. table 2). dlo1 was obtained through NASC (N559907) and
genotyped using primers dlo1_LB, dlo1_RB and LBb1.3 (Suppl. Table 2).
Promoter GUS transgenic lines
pDMR6:GUS transgenic lines were generated as described previously Van Damme
et al. (2008). The pDLO1:GUS transgenic line was generated using primers pDLO1_
Fw and pDLO1_Rv (Suppl. Table 2) and Gateway® cloned into the pENTR vector.
This construct was cloned into the pBGWFS7 binary vector in front of the GUS gene
(Karimi et al., 2002). Col-0 plants were transformed via the Agrobacterium tumefaciens
C58C1:pGV2260 strain. Transformants were selected with BASTA. pDMR6:GUS
and pDLO1:GUS transgenic seedlings (T4) were first infected with Hpa and 4 days
post inoculation vacuum infiltrated with Magenta-X-gluc solution following trypan blue
staining as described previously (Van Damme et al., 2008).
Phytohormone extraction
Phytohormone extraction was performed according to Van den Burg et al. (2010), with
small modifications: 100 mg plant material was ground in liquid nitrogen, extracted
with 500 µL 90% MeOH containing 100 ng mL-1 4D-labeled SA, followed by a reextraction with 500 µL MeOH containing 0.2 mM NaOH. Both extracts were combined,
and evaporated in vacuo until approximately 30-50 µL was left. 1 mL warm (60°C)
ddH2O was added and samples were vortexed. The samples were split; 500 µL was
added to 500 µL 0.2M sodium acetate (pH 4.5) containing 0.1 mg β-glucosidase
(Sigma-Aldrich), and 500 µL to 0.2M sodium acetate. Samples were incubated for
2.5 h at 37°C, acidified with 20 µL 37% HCl to pH 1, and extracted twice with 800 µL
pentane/ethyl acetate/2-propanol (50/50/1). The combined extracts were evaporated
in vacuo, taken-up in 150 µL MeOH, vortexed for 2 minutes, and 50 µL ddH2O was
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added. The samples were centrifuged for 15 minutes to remove particles; 100 µL was
transferred to an LC-MS vial containing an insert. SA levels were analyzed on a Varian
320 LC-MS/MS, using instrument parameters and ions as described in VanDoorn et
al. (2011). Samples were separated on a Kinetix C18 column (50 × 2.1mm, 5 µM
particle diameter, Phenomenex), using solvents A (ddH2O/0.05% formic acid) and
B (MeOH/0.05% formic acid) as mobile phase. The gradient was first isocratic at 5%
(v/v) solvent B for 1:30 min, followed by a linear gradient to 95% (v/v) solvent B at
7:30 min, 95% (v/v) solvent B till 13:30 min and 5% (v/v) solvent B till 18:00 min, at
a flow rate of 0.2 mL min−1.
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Supplemental data

2

Supplemental figure 1. Multiple alignment of Arabidopsis DLO1, DLO2 and DMR6 proteins. Alignment
is created using Clustal Omega. Dots above alignment indicate site directed mutagenesis.
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Supplemental Table 1. List of microarray experiments dealing with biotic and abiotic stress. Official
ID is shown together with title and description of the experiments.
Experiment ID

2

E-GEOD-5615
E-GEOD-5615
E-GEOD-5615
E-GEOD-5615
E-GEOD-5615
E-GEOD-5615
E-GEOD-5615
E-GEOD-5615
E-GEOD-5616
E-GEOD-5616
E-GEOD-5616
E-GEOD-5684
E-GEOD-5684
E-GEOD-5685
E-GEOD-5685
E-GEOD-5685
E-GEOD-5685
E-GEOD-5685
E-GEOD-5685
E-GEOD-5685
E-GEOD-5685
E-GEOD-5685
E-GEOD-5685
E-GEOD-5686
E-GEOD-5686
E-GEOD-5686
E-GEOD-5686
E-GEOD-5686
E-GEOD-5686
E-GEOD-5686
E-GEOD-5686
E-GEOD-6176
E-GEOD-6176
E-GEOD-6176
E-GEOD-6176
E-GEOD-6176
E-GEOD-6176
E-GEOD-6831
E-GEOD-6831
E-GEOD-14961
E-GEOD-21076
E-GEOD-21076
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Description

1uM GST-NPP1, 1 hour
1uM GST-NPP1, 4 hours
10uM HrpZ, 1 hour
10uM HrpZ, 4 hours
100ug/ml LPS from Pseudomonas syringae pv. tomato DC3000, 1 hour
100ug/ml LPS from Pseudomonas syringae pv. tomato DC3000, 4 hours
1uM Flg-22, 1 hour
1uM Flg-22, 4 hours
Phytophthora infestans, 6 hours
Phytophthora infestans, 12 hours
Phytophthora infestans, 24 hours
Botrytis cinerea, 18 hours
Botrytis cinerea, 48 hours
Pseudomonas syringae ES4326, 4 hours
Pseudomonas syringae ES4326, 8 hours
Pseudomonas syringae ES4326, 16 hours
Pseudomonas syringae ES4326, 24 hours
Pseudomonas syringae ES4326, 48 hours
Pseudomonas syringae ES4326 avrRpt2, 4 hours
Pseudomonas syringae ES4326 avrRpt2, 8 hours
Pseudomonas syringae ES4326 avrRpt2, 16 hours
Pseudomonas syringae ES4326 avrRpt2, 24 hours
Pseudomonas syringae ES4326 avrRpt2, 48 hours
Erysiphe orontii, 6 hours
Erysiphe orontii, 12 hours
Erysiphe orontii, 18 hours
Erysiphe orontii, 24 hours
Erysiphe orontii, 2 days
Erysiphe orontii, 3 days
Erysiphe orontii, 4 days
Erysiphe orontii, 5 days
Pseudomonas syringae DC3000, 4 hours
Pseudomonas syringae DC3000, 12 hours
Pseudomonas syringae DC3000::avrRpm1, 4 hours
Pseudomonas syringae DC3000hrpA, 2 hours
Pseudomonas syringae DC3000hrpA, 4 hours
Pseudomonas syringae DC3000hrpA, 12 hours
Pseudomonas syringae pv tomato DC3000(avrRpm1)
Pseudomonas syringae pv tomato DC3000::hrpA- mutant
Salicylic acid
Hyaloperonospora arabidopsidis, 8 and 24 hours
Hyaloperonospora arabidopsidis, 4 and 6 days
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Supplemental table 2. Used primers (name and sequence (5’ → 3’))
Primer name

sequence (5’ → 3’)

dlo1_LB

ATTCCATCCCTCTGATCGATC

dlo1_RB

TCAACAAACGGGTAGGTTCTG

LBb1.3

ATTTTGCCGATTTCGGAAC

no089 (LB GK o8409)

ATATTGACCATCATACTCATTGC

no097 (LP N329085)

GACTGGTTTCGTTTCATCGTC

no098 (RP N329085)

GAAAGTGCTTGGTGAACAAGG

pDLO1_Fw

CACCTGTAAAGATCCAAATAACATGGT

pDLO1_Rv

TTAATGTGTTTGGTAATGTAAT

QACT2F

AATCACAGCACTTGCACCA

QACT2R

GAGGGAAGCAAGAATGGAAC

QDLO1F

AATATCGGCGACCAAATGC

QDLO1R

CGCTCGTTCTCGGTGTTTAC

QDMR6F

TGTCATCAACATAGGTGACCAG

QDMR6R

CGATAGTCACGGATTTTCTGTG

QPR-1F

GAACACGTGCAATGGAGTTT

QPR-1R

GGTTCCACCATTGTTACACCT

QPR-2F

CCCGTAGCATACTCCGATTT

QPR-2R

AAGGAGCTTAGCCTCACCAC

QPR-5F

GGCAAATATCTCCAGTATTCACA

QPR-5R

GGTAGGGCAATTGTTCCTTAGA

2
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Control of plant immune responses is important to regulate the balance
between growth and defense. We previously found that Arabidopsis
DOWNY MILDEW RESISTANT 6 (DMR6) and its paralog DMR6-LIKE
OXYGENASE 1 (DLO1) act as negative regulators of immunity. dmr6
mutants, and to a lesser extent dlo1 mutants, have increased levels of
salicylic acid (SA), and are resistant to the pathogens Hyaloperonospora
arabidopsidis, Pseudomonas syringae and Phytophthora capsici. The
dmr6 dlo1 double mutant has extremely high levels of SA, resulting in
severe growth reduction. DMR6 and DLO1 act redundantly to maintain low
SA levels in healthy plants and to control over-activation of SA-dependent
defense. DLO1 is identical to the SA 3-hydroxylase (S3H) that was found
to regulate SA levels during senescence (Zhang et al., 2013). Metabolite
analysis of mutants and overexpression lines indicates that DMR6 acts
as SA 5-hydroxylase that oxygenates SA to 2,5-dihydroxybenzoic acid.
The different phenotypes of the dmr6 and dlo1 single mutants could be
caused by a difference in the positioning of hydroxylation on SA by the
two enzymes, or by the localization of DMR6/DLO1 expression. Promoterswaps between DLO1 and DMR6 indicate that the difference in activity is
determined by the promoter and not the coding sequence, suggesting that
3- and 5-hydroxylation of SA are equally effective in negative regulation
of immunity. We conclude that DMR6 and DLO1 control activated plant
immunity in a tissue-specific manner by lowering SA levels through
hydroxylation.
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Introduction
Control of immune responses is important for plants to regulate the balance between
growth and defense (Wang and Wang, 2014). This control is especially required for
down-regulating immune responses that are triggered upon pathogen-infection and
which would otherwise lead to over-activation of immunity and sustained growth
reduction. Pathogens are perceived by receptors that are either membrane-bound
and sense extracellular patterns, such as flagellin or chitin (Zipfel, 2014), or by
intracellular receptors that detect pathogen effectors or modified-self patterns that
result from effector activities (Cui et al., 2015). Recognition triggers a broad range of
immune responses that target the invading pathogens and stop their ingress. Typical
immune responses against biotrophic invaders include the production of reactive
oxygen species, programmed cell death, production of anti-microbial compounds and
proteins, and cell wall apposition and strengthening (Jones and Dangl, 2006). The
defense-related hormone salicylic acid (SA) plays a crucial role as signal molecule
in many of the immune responses that are triggered in response to biotrophs. Plants
that no longer produce pathogen-induced SA, for instance the Arabidopsis ics1 (sid2)
mutant (Wildermuth et al., 2001), or do not respond to SA, such as the Arabidopsis
npr1 mutant (Cao et al., 1994, 1997), are enhanced susceptible to pathogen infection
and become susceptible to pathogen isolates that are normally resisted (Tsuda et
al., 2008). In addition to local responses, defense can also be triggered in other noninfected parts of the plant through systemic acquired resistance (SAR). Methyl-SA is
an important signal for SAR, but also the accumulation of SA in the systemic tissue
is required for resistance (Vlot et al., 2009). Another small metabolite, pipecolic acid,
which is derived from the amino acid lysine, was suggested to act as a switch to
initiate SAR, a systemic response that is further amplified by SA (Bernsdorff et al.,
2016).
The biosynthesis of SA (2-hydroxybenzoic acid) in plants goes through two routes,
the isochorismate (IC) route and the phenylalanine ammonia lyase (PAL) route, that
both use chorismate as a common substrate (Dempsey et al., 2011). In Arabidopsis,
pathogen-induced SA is mainly produced via the IC route and is enzymatically controlled
by two IC synthases (ICS) and an unknown IC pyruvate lyase (IPL). The Arabidopsis
ics1 (sid2) mutant accumulates ~10% of wild-type levels of SA (Wildermuth et al.,
2001), which was further reduced to ~5% in the ics1 ics2 double mutant that no
longer produces the two ICS enzymes that are encoded in the Arabidopsis genome
(Garcion et al., 2008). SA biosynthesis is strongly induced upon pathogen recognition
and is further enhanced by a positive feedback of produced SA on the biosynthetic
genes (Dempsey et al., 2011). However, negative feedback mechanisms are also
in place. Once SA is detected by the intracellular SA-receptor NPR1, inhibition of
53
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SA biosynthesis is initiated (Wildermuth et al., 2001; Wu et al., 2012). Other means
by which SA levels are controlled is by covalent modification of the SA molecule.
Glucosylation of SA allows derived glucose conjugates to accumulate to high levels
in the vacuole where they are inactive (Dean and Delaney, 2008). Methylation and
amino acid conjugation also lead to inactivation of SA (Vlot et al., 2009). Furthermore,
hydroxylated forms of SA have been identified in pathogen-inoculated leaves and
aging tissues (Dean and Delaney, 2008; Bartsch et al., 2010). These 2,3- and
2,5-dihydroxybenzoic acids (DHBAs) are thought to be quickly glucosylated or
xylosylated, as these forms are more abundant than the free DHBA forms. Recently,
an SA 3-hydroxylase (S3H) was identified that produces 2,3-DHBA from SA (Zhang
et al., 2013).

3

S3H was initially identified as a senescence-associated gene. Mutation of the gene by
T-DNA insertion resulted in plants that showed accelerated senescence, both in onset
and progression. In contrast, overexpression of S3H resulted in delayed senescence.
As gene expression analysis of the s3h mutant pointed to enhanced expression of
SA-responsive genes, levels of SA were analyzed and found to be high in the mutant
and low in the overexpression line. The enzymatic activity of the 2-oxoglutarate Fe(II)
dependent oxygenase (2OG oxygenase) S3H was confirmed with recombinant
protein that showed SA hydroxylase activity in vitro (Zhang et al., 2013).
We previously found that the S3H gene (also known as DLO1) acts as a negative
regulator of plant immunity (Chapter 2). Together with 2OG oxygenase DMR6, the
DLO1 (S3H) protein has a partially redundant function in maintaining low SA levels in
healthy plants, and to suppress over-activation of SA-dependent defense responses
(Chapter 2, Zeilmaker et al., 2015). dmr6 and to a lesser extent dlo1 mutants are
more resistant to infection by biotrophic pathogens, such as Hyaloperonospora
arabidopsidis (Hpa), Pseudomonas syringae (Pst), but also to the hemi-biotrophic
oomycete Phytophthora capsici. Arabidopsis transgenics overexpressing DMR6 or
DLO1 are enhanced susceptible to infection by these pathogens. The question is
how the DMR6 and DLO1 enzymes suppress defense, and what metabolic role these
2OG oxygenases have in plant immunity? Here we report on metabolic analysis of
dlo1 (s3h), dmr6, and dmr6 dlo1 mutant plants, as well as transgenic overexpression
lines, to demonstrate that DMR6 acts as a SA 5-hydroxylase (S5H). Modeling of the
DMR6 protein structure revealed amino acid positions in the predicted substratebinding site that could be required for negative regulation of immunity. Promoterswap experiments between DLO1 (S3H) and DMR6 suggest that the difference in
activity between the two encoded enzymes is mostly affected by their localization
of expression and not by the position of hydroxylation on the SA molecule that they
catalyze.
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Results
DMR6- and DLO1-related changes in the Arabidopsis metabolome
The Arabidopsis DOWNY MILDEW RESISTANT 6 (DMR6) enzyme, and its close
paralog DMR6-LIKE OXYGENASE 1 (DLO1) belong to the family of 2OG oxygenases
(Zeilmaker et al., 2015). Most known members of this family of enzymes function in
secondary metabolism, for example in flavonoid or gibberellin synthesis (Kawai et al.,
2014). For DMR6 and DLO1, however, the substrates were still unknown at the start
of this research. Preliminary work from our laboratory showed that the dmr6-1 and
dmr6-2 mutants had higher levels of glucosinolates and salicylic acid (SA) compared
to their parental lines Col-0 and Ws-4, respectively. The most abundant indolic
glucosinolate, 4-methoxyindol-3-ylmethyl glucosinolate (4MI3G), and SA were tested,
but not confirmed, as candidate substrates of DMR6 (Zeilmaker, 2012). Enhanced
immunity, as in the dmr6 mutants, is known to drastically change plant metabolism
leading to the accumulation of many secondary metabolites (Clay et al., 2009;
Piasecka et al., 2015). To reduce the strong effect of increased SA levels in the dmr6
or dlo1 mutants on the plant metabolome we performed a new untargeted metabolite
analysis in the background of the sid2-1 mutant (ics1, impaired in pathogen-induced
production of SA). A triple mutant dmr6-2 dlo1 sid2-1 was generated and transformed
with either 35S:DMR6, or 35S:GUS as a control. At the time of the experiment, dmr63, a T-DNA insertion mutant in the Col-0 background, was not yet available. Instead,
the dmr6-2 mutation (Ws-4 background) was combined with dlo1 and sid2-1 (both
in Col-0 background). Fully developed rosette leaves of six-week-old plants were
used for metabolite extraction, and analyzed by reversed-phase UPLC/ESI-QTOFMS.
About 35 metabolites showed differential abundance in the DMR6 overexpression
lines compared to the dmr6-2 dlo1 sid2-1 triple mutant (Suppl. table 1) of which those
with a difference in abundance of more than 2-fold in all replicates are presented.
Strikingly, several compounds showed a very strong differential accumulation in the
dmr6-2 dlo1 sid2-1 35S:DMR6 lines compared to the control. This is particularly the
case for SA and other defense-related compounds. Previously, we already showed
that combining the dmr6-3 and dlo1 mutations results in high SA levels (Chapter 2).
Introducing the sid2-1 mutation into this double mutant, resulted in a residual amount
of SA present, mainly in the form of SA-2-O-Glucoside (SAG) (Fig. 1). Overexpression
of DMR6 in the triple mutant resulted in complete depletion of SAG. Interestingly, we
detected high levels of glycoconjugated forms of 2,5-DHBA, that are virtually absent
in the 35S:GUS control lines (Fig. 1). In fact, 2,5-DHBA glycoconjugates are the
only compounds that were more than 2-fold higher in the 35S:DMR6 lines than in
the 35S:GUS control lines. This strongly suggests that the DMR6 protein mediates
hydroxylation of SA at the 5-position resulting in 2,5-DHBA accumulation and SA (and
SAG) depletion.
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35S:GUS

mean peak area

35S:DMR6

SAG

2,5-DHBA sugar
conjugates

Figure 1. Overexpression of DMR6 results in depletion of SA-2-O-glucoside (SAG) and to elevated
levels of 2,5-DHBA glycoconjugates, compared to the 35S:GUS control. The transgenic lines are
in the dmr6-2 dlo1 sid2-1 triple mutant background. Five to six fully developed rosette leaves of eight
to ten uniform plants per genotype were used. After metabolite extraction, the samples were subjected
to reversed phase UPLC/ESI-QTOFMS. Data shown is the average of two experiments, each with five
biological replicates. Error bars show SEM. Asterisks show significant difference with p<0.0001 (Student’s
t-test).

The lower SA(G) levels in the 35S:DMR6 overexpressing plants, compared to
the 35S:GUS control, are likely to be responsible for the lower levels of a large
range of other defense-related metabolites. The strongest effects were seen for
pipecolic acid and related compounds, as well as for the phytoalexins scopoletin
and camalexin (and a derived hydroxycamalexin glycoconjugate thereof) (Fig. 2).

mean peak area

3

35S:GUS
35S:DMR6

Pipecolic
acid

Scopoletin
HydroxyHydroxy- Camalexin Hydroxycamalexin-#2
pipecolic
pipecolic
Malonylhexoside
acid
acid hexoside

Figure 2. Overexpression of DMR6 leads to depletion of compounds involved in pipecolic acid
metabolism, camalexin metabolism and depletion of scopoletin, compared to the 35S:GUS control.
The transgenic lines are in the dmr6-2 dlo1 sid2-1 triple mutant background. Five to six fully developed
rosette leaves of eight to ten uniform plants per genotype were used. After metabolite extraction, the
samples were subjected to reversed phase UPLC/ESI-QTOFMS. Data shown is the average of two
experiments, each with five biological replicates. Error bars show SEM. Asterisks show significant difference
with p<0.0001 (Student’s t-test).
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mean peak area

The level of other defense-related compounds, such as indole- and aliphaticglucosinolates, but also agmatin-related compounds were also more than 2-fold lower
in the DMR6 overexpression lines (Fig. 3). Our untargeted metabolic profiling data
suggest that the main effect of DMR6 overexpression is the accumulation of 2,5-DHBA
glycoconjugates and depletion of SA. The reduced levels of this defense hormone can
explain the lower levels of the other reported compounds that are known to accumulate
during plant stress and immune responses.
35S:GUS
35S:DMR6

Coumaroylagmatine
(cis+trans)

Feruloylagmatine
(cis+trans)

Acetylagmatine

4-Methoxyindole-3-yl
methyl
glucosinolate

4-hydroxyC12H12N2O4
indole(unknown
3-carbalindole)
dehyde
4-O-β-d-glucosinolate

3-MeS-Propyl
glucosinolate

4-MeS-Butyl
glucosinolate

Figure 3. Overexpression of DMR6 leads to depletion of compounds involved in agmatin
conjugate metabolism, indole glucosinolate metabolism and catabolism, and depletion of aliphatic
glucosinolates (with methylthioalkyl side chain). The transgenic lines are in the dmr6-2 dlo1 sid2-1 triple
mutant background. Five to six fully developed rosette leaves of eight to ten uniform plants per genotype were
used. After metabolite extraction, the samples were subjected to reversed phase UPLC/ESI-QTOF-MS. Data
shown is the average of two experiments, each with five biological replicates. Error bars show SEM. Asterisks
show significant difference with p<0.0001 (Student’s t-test).

DMR6 is a SA 5-hydroxylase
In the course of our experiments, Zhang et al. (2013) reported that DLO1 is involved in
senescence and acts as a SA 3-hydroxylase (which was named S3H). Our data presented
above strongly suggest that DMR6, which is expected to have a similar activity as DLO1
(Chapter 2), could be a SA 5-hydroxylase, as 2,5-DHBA glycoconjugates accumulate to
high levels in the 35S:DMR6 lines. To investigate this further, we performed a targeted
metabolite analysis on mutants and overexpression lines measuring SA, DHBAs and
their glycoconjugates. Importantly, a Col-0 dmr6 mutant was now used, dmr6-3 (Chapter
2), so that the tested lines, in particular the dmr6-3 dlo1 double mutant line, are in the
same genetic background. SAG and free SA accumulated in the oxygenase mutants,
with levels slightly higher than the Col-0 control in dlo1, further increased in dmr6-3, and
the levels are highly elevated in the dmr6-3 dlo1 double mutant, as previously found
(Chapter 2). The accumulating SA and SAG are derived from isochorismate as they
were below the detection limit in mutant lines that also have the sid2-1 mutation. In
this experiment, plants overexpressing 35S:DMR6 also virtually lacked SA and SAG,
suggesting again that DMR6 is an SA 5-hydroxylase (Fig. 4).
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In this targeted metabolite analysis, the levels of free DHBA detected were very
low, but glycoconjugated forms of DHBA could be well detected. In Arabidopsis,
2,3- and 2,5-DHBA are quickly conjugated to sugars (Bartsch et al., 2010). Pentose
and hexose conjugates of both 2,3-DHBA and 2,5-DHBA were found, while pentose
conjugates were more abundant for both 2,3- as well as 2,5-DHBA (Fig. 4).
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In sid2-1 mutant backgrounds, the levels of DHBAs are strongly reduced (Fig. 4),
suggesting they are derived from SA that is produced via the isochorismate pathway.
The dmr6-3 mutant has lower levels of all detected 2,5-DHBA conjugates than Col-0.
This effect of the dmr6-3 mutation is even more striking in the dmr6-3 sid2-1 mutant,
in which 2,5-DHBA conjugates are virtually absent. In contrast, the 35S:DMR6 line
shows slightly elevated levels of 2,5-DHBA glycoconjugates (Fig. 4). The levels in the
dmr6-3 mutant are not zero, suggesting there is some residual activity. This could be
because the dmr6-3 mutant has an intronic T-DNA insertion, and is not a complete
null mutant (data not shown). The dmr6-3 mutant showed very high levels of 2,3DHBA glycoconjugates that could result from increased S3H (DLO1) activity. The
higher SA level in the dmr6-3 mutant could have two effects: (i) DLO1 substrate levels
(SA) are higher and there is no substrate competition with DMR6, and (ii) DLO1 gene
expression is induced by SA leading to higher enzyme levels (Chapter 2; Suppl. Fig 1).
The 2,3-DHBA conjugates are absent in the dlo1 mutant, which confirms the function
of S3H as an SA 3-hydroxylase. Also, in the 35S:DMR6 line 2,3-DHBA conjugates
are not detected. We suggest that this is caused by depletion of SA that also here
has a dual effect: (i) absence of the DLO1 substrate SA, and (ii) no induction of DLO1
expression. These targeted metabolic analyses confirm the findings of Zhang that
DLO1 acts as an SA 3-hydroxylase, and suggest that DMR6 is a SA 5-hydroxylase.
Further confirmation of the S3H activity of DLO1 was obtained in an overexpression
line that was analyzed in a separate experiment. The 35S:DLO1 line showed
decreased SA and SAG levels, and associated with that also lower levels of 2,5-DHBA
and 2,5-DHBA glycoconjugates. Conversely, increased levels of 2,3-DHBA and 2,3DHBA pentoside were detected compared to the Col-0 control (Fig. 5). Importantly,
we next tested the dmr6-1 mutant that is in the background of Ler eds1-2. dmr6-1
is a null mutant created by EMS and has a premature stop codon in the second
exon of the gene (Van Damme et al., 2008). 2,5-DHBA, and glycoconjugates thereof,
were completely depleted in the dmr6-1 mutant compared to its parental line (Fig. 5).
These data clearly demonstrate that DMR6 has a crucial role in 5-hydroxylation of SA.
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mean peak area quantifier [counts]

SAG
2,5-DHBA hexoside

2,5-DHBA pentoside

2,3-DHBA hexoside

2,3-DHBA pentoside

Figure 4. Targeted metabolite analysis shows that DMR6 acts as an SA 5-hydroxylase and confirms that DLO1 is an SA 3-hydroxylase. Levels of SA and SAG are
elevated in the dmr6-3 and dlo1 mutants, the dmr6-3 dlo1 double mutant shows even higher levels. Crosses with sid2-1 do not have this SA(G) accumulation, indicating
the accumulating SA(G) is derived from isochorismate. dmr6-3 has low levels of 2,5-DHBA glycoconjugates and high levels of 2,3-DHBA glycoconjugates, compared
to Col-0, whereas the dlo1 mutant has low 2,3- and high 2,5-DHBA glycoconjugates. The dmr6-3 dlo1 still produces some 2,5- but no 2,3-DHBA glycoconjugates. The
sid2-1 mutant produces virtually no SA(G) and 2,3-DHBA glycoconjugates, and lower levels of 2,5-DHBA conjugates than Col-0. Overexpression of DMR6 leads to SA(G)
depletion and enhanced levels of 2,5-DHBA glycoconjugates. Data shown is the average of three experiments. Per experiment rosette leaves of eight plants per line were
harvested and pooled. After metabolite extraction the samples were analyzed by UHPLC/ES-QTOF-MS. Error bars represent SEM.
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Figure 5. Targeted metabolite analysis of 35S:DLO1 confirms that DLO1 is an SA 3-hydroxylase and that the null mutant dmr6-1 produces levels of
2,5-DHBA and glycoconjugates that are hardly, or not, detectable. Compared to Col-0, plants overexpressing DLO1 are depleted in SA(G), 2,5-DHBA and its
glycoconjugates whereas levels of 2,3-DHBA and its glycoconjugates are elevated. The null mutant dmr6-1 shows slightly higher levels of SA and SAG compared
to its parental line Ler eds1-2. dmr6-1 produces virtually no 2,5-DHBA and its glycoconjugates. Levels of 2,3-DHBA and conjugates are slightly elevated compared
to Ler eds1-2. Error bars represent SEM.
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How do DMR6 and DLO1 catalyze hydroxylation at the 5- or 3-position of SA?
The plant metabolome data clearly show that DMR6 and DLO1 are required for the
hydroxylation of SA at the 5- and 3-position, respectively. In order to determine which
amino acid residues are responsible for this difference in activity we first looked at
the crystal structure of the Arabidopsis anthocyanidin synthase (ANS, Wilmouth et
al., 2002), which was the only available structure of a plant 2OG oxygenase with
its substrate. Three aromatic amino acid residues in ANS are in close contact with
dihydro-quercetin, a substrate of ANS; Y142, F144 and F304. Of these, F304 is also
conserved in DMR6 (F285) and DLO1 (F293). In the ANS structure Y142 and F144
are located on a beta-sheet of 8 amino acids, named ß4. The position corresponding to
ANS Y142 is conserved in DMR6 (Y126), but not in DLO1 where it is a phenylalanine
(F135) (Fig. 6), which is more hydrophobic than tyrosine. It is interesting to note
that the phenolic hydroxyl group of ANS Y142 forms two hydrogen bonds with the
substrate, indicating this might be the same for Y126 of DMR6 and F135 of DLO1.
The position corresponding to ANS F144 is a positively charged arginine in both
DMR6 (R128) and DLO1 (R137) (Fig. 6), and this could possibly interact with the
negatively charged carboxyl group of SA.
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Figure 6. Amino acid sequence of beta-sheet ß4 of the Arabidopsis anthocyanidin synthase (Wilmouth
et al., 2002) aligned with the homologous regions of DMR6 and DLO1. ANS Y142 and F144 (bold)
are in close proximity to the dihydro-quercetin substrate in the reported crystal structure of the
enzyme. DMR6 proteins of different plant species also all have a tyrosine (Y) at the position corresponding
to ANS Y142, whereas most DLO1 proteins have a phenylalanine (F) at that position (indicated in gray).
Both DMR6 and DLO1 have an arginine (R) at the position corresponding to F144 that also contacts the
substrate in ANS.

Phylogenetic analysis of DMR6 orthologs in flowering plants revealed that the
Y126 and R128 are highly conserved in a total of 85 selected sequences (Fig. 7A).
For DLO1 we see that the majority of 96 selected ortholog sequences (including
Arabidopsis DLO1 and DLO2) have a conserved phenylalanine at position 135,
whereas a minority has a tyrosine there (Fig. 7B). The overall identity between DMR6
and DLO1 orthologs is much lower than that of the selected beta sheet ß4, which is
highly conserved in all orthologs. Several other regions also show this high level of
conservation.
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Figure 7. Conservation of amino acids in the predicted beta-sheet ß4 of DMR6 and DLO1 orthologous
sequences. The logo (created by Weblogo) clearly shows the conservation of Y126 in 85 DMR6 orthologs
(A) and of F135 in 96 DLO1 orthologs (B).
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We hypothesized that this major difference in the predicted substrate pocket (Fig. 8
shows the predicted pocket of DMR6) is the reason why DMR6 would hydroxylate
SA at the 5-position whereas DLO1 hydroxylates SA at the 3-position. SA could be
modelled in the substrate pockets of DMR6 and DLO1, but in the model there was no
energetic preference for the orientation of SA that would explain hydroxylation at the 3or 5-position of the phenolic ring (data not shown). To test if the Y126 in DMR6 or F135
in DLO1 determine whether hydroxylation occurs at the 5- or 3-position, respectively,
we created transgenic lines in the dm6-3 dlo1 double mutant background, with Y/F
amino acid swaps. The mutant DMR6Y126F and DLOF135Y constructs did not lose their
activity as they complemented the growth phenotype of the dmr6-3 dlo1 mutant
(data not shown) that is caused by high SA levels (Chapter 2). Metabolite analysis
of transgenic T3 plants, to determine levels of 2,5- and 2,3-DHBA, showed that
these amino acid substitutions in DMR6 and DLO1 did not change the hydroxylation
position on SA. When comparing the 2,3-DHBA/2,5-DHBA ratio, the DMR6Y126F lines
showed a low ratio, similar to that of dmr6-3 dlo1 expressing wild type (WT) DMR6.
DLOF135Y plants showed a high ratio and had high levels of 2,3-DHBA, similar to
dmr6-3 dlo1 expressing the WT DLO1 gene (Fig. 9). Catalytically inactive mutants
(H221Q and H212Q) showed a log2 ratio close to zero, as they were similar to that of
the untransformed dmr6-3 dlo1 double mutant.
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Figure 8. View of the DMR6 substrate binding pocket shows that the amino acids Y126 and R128
from the beta sheet ß4, as well as R124, are predicted to be located at the entrance of the pocket,
facing inward. The iron (orange sphere) and oxoglutarate (cyan sticks) are shown deep inside of the
pocket.

Figure 9. Site directed mutagenesis in the substrate binding pockets of DMR6 and DLO1 does not
affect the hydroxylation position of SA. Values shown are log2 ratios compared to the Col-0 control.
dmr6-3 dlo1 has similar levels as Col-0. dmr6-3 dlo1 complemented with 35S:DLO1 wild type (WT) or with
35S:DLO1F135Y have high ratios of 2,3-DHBA/2,5-DHBA compared to Col-0, so high levels of 2,3-DHBA.
dmr6-3 dlo1 complemented with 35S:DMR6 wild type (WT) or 35S:DMR6Y126F, however, have high levels of
2,5-DHBA compared to 2,3-DHBA. The catalytically inactive mutants (H221Q and H212Q) are comparable
to the dmr6-3 dlo1 double mutant. Due to large differences in growth phenotype, 100 mg plant material of
3-13 plants was used for metabolite extraction, with 2-5 biological replicates per line. Two individual T3
lines were used per transgenic plant line. Values of free and conjugated forms of DHBA were added up to
one value.
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Overexpression of DMR6 and DLO1 causes loss of systemic acquired resistance
SA is a key component in systemic acquired resistance (SAR) (Boatwright and
Pajerowska-Mukhtar, 2013). Depletion of SA, by overexpression of DMR6 and DLO1,
might therefore lead to loss of SAR. To investigate this, two leaves of overexpression
and mutant lines of DMR6 and DLO1 were infiltrated with either the avirulent pathogen
Pseudomonas syringae pv tomato DC3000 (Pst) expressing Avr1Rpm1 (Pst/AvrRpm1),
or mock solution. After three days two upper leaves of the plant were infiltrated with
virulent Pst and four days later the leaves were harvested and the bacteria were
quantified. Whereas Col-0 showed a reduction of bacterial growth after infiltration with
Pst/AvrRpm1, compared to infiltration with mock, the overexpression lines of DMR6 and
DLO1 do not show this reduction, suggesting that SA depletion by DMR6 and DLO1
abolished SAR (Fig. 10).

3

Figure 10. Overexpression lines of DMR6 and DLO1 are defective in SAR. The average values of three
experiments are shown for Col-0 and 35S:DMR6 lines. 35S:DLO1 5-8 was used in two of the experiments,
35S:DLO1 6-1 in one and therefore no error bars are presented. All infection experiments were performed in
four- to five-week-old plants. For biological SAR induction, the first two true leaves (leaf 1 and 2) of the plants
were syringe infiltrated with 1 x 106 colony forming units (cfu)/mL of Pst/AvrRpm1 or with 10 mM MgCl2 as a
mock control. Three days after the primary treatment, the next two “upper” or systemic leaves (leaf 3 and 4)
were infiltrated with 105 cfu/ml of Pst. Four days later, the Pst-infected leaves were harvested and the bacteria
were quantified. Error bars show SD, significance was determined using a Student’s t-test (p<0.05).

Overexpression of DLO1 and DMR6 causes delayed onset and prolonged duration of
senescence
Zhang et al. (2013) showed that DLO1 regulates leaf senescence by mediating SA
catabolism. The dlo1 mutant has early senescence, whereas plants overexpressing
DLO1 show delayed senescence. Since DMR6 also catabolizes SA, we studied
if DMR6 can affect leaf senescence as well. Plants overexpressing DLO1 or DMR6
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were grown under continuous light and the start and duration of senescence (until the
leaf was completely yellow) was measured of leaves 5, 6 and 7. Similarly to the line
overexpressing DLO1, the 35S:DMR6 lines also showed a delayed and prolonged
senescence compared to wild type plants. This indicates that DLO1 and DMR6 have
similar activities concerning senescence (Fig. 11).

Figure 11. Plants overexpressing DLO1 or DMR6 show (a) delayed and (b) prolonged senescence.
Plants were kept under continuous light (24 hrs) and the start and duration of senescence of leaf 5, 6 and 7
was measured. The first yellowing of the leaf was considered as start. Duration was measured until the leaf
was completely yellow and dry. Eight plants per line were used. Error bars represent SEM. Asterisks depict
significant difference (p<0.05, Student’s t test).

Negative regulation of immunity by DLO1 and DMR6 is determined by their
localization of expression
The DLO1 and DMR6 genes are both induced during infection with Hpa, but show a
different spatial expression pattern (Zeilmaker et al., 2015). DMR6 is highly expressed
in cells that are close to Hpa hyphae, in particular in cells that are invaginated by
haustoria of Hpa. In contrast, DLO1 is not expressed in these infected cells, but
rather in the vascular tissue in the vicinity of infection sites. We hypothesized that the
difference in the localization of expression of DMR6 and DLO1 explains that the dmr6
mutant has a stronger resistance phenotype than the dlo1 mutant. To investigate this,
we created transgenic lines in the dmr6-3 dlo1 mutant background, where DLO1 is
driven by the DMR6 promoter and vice versa. We observed that transgenic seedlings
expressing DLO1 and DMR6 expressed from the DLO1 promoter retained a high level
of resistance to Hpa Waco9, similar to the dmr6-3 mutant (Zeilmaker et al., 2015).
In contrast, seedlings expressing DLO1 and DMR6 from the DMR6 promoter (in the
dmr6-3 dlo1 mutant background) became more susceptible than dmr6-3 dlo1, to a
level similar to that of the dlo1 mutant (Zeilmaker et al., 2015) (Fig. 13). Our data
show that the difference in activity between DLO1 and DMR6 is mostly affected by the
localization of their expression, determined by the promoter, and not by the difference
in SA hydroxylase activity.
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Figure 13. Difference in activity between DLO1 and DMR6 is mostly affected by the localization of
expression, determined by the promoter. Promoter swaps between DLO1 and DMR6 show that dmr63 dlo1 complemented with DLO1 or DMR6 under the promoter of DLO1, are highly resistant (dmr6-3
resistance phenotype (Zeilmaker et al., 2015)). dmr6-3 dlo1 complemented with DLO1 or DMR6 under the
promoter of DMR6, are less susceptible than Col-0 (dlo1 resistance phenotype (Zeilmaker et al., 2015)),
but not as resistant as the pDLO1 lines. Hpa Waco9 conidiophores were counted on 30 seedlings per line.
For the complemented lines pDLO1:DLO1, pDLO1:DMR6, pDMR6:DLO1 and pDMR6:DMR6, data was
pooled of 7, 5, 6 and 6 lines respectively. Error bars represent SEM.

Discussion
SA is a key hormone regulating plant defense against biotrophic pathogens.
Arabidopsis plants that produce only very low levels of SA, like the sid2 (ics1) mutant
(Wildermuth et al., 2001), are more susceptible to infection by biotrophs. In a search
for the function of an early senescence-induced gene SAG108, Zhang et al. (2013)
discovered that it encodes an SA 3-hydroxylase (named S3H) that appeared to be a
paralog of DMR6, the DMR6-LIKE OXYGENASE 1 (DLO1). S3H (DLO1) catabolizes
SA by hydroxylation at the 3-position to form 2,3-dihydroxybenzoic acid (2,3-DHBA).
We had previously observed slighty increased SA levels in dlo1 plants. SA levels
were higher in dmr6 mutant plants, but extremely high in the dmr6 dlo1 double
mutant. This fact, combined with the high similarity between DMR6 and DLO1,
gave to think that DMR6 has a function in catabolizing SA, similar to DLO1. We
performed an untargeted metabolite analysis using the triple mutant dmr6-2 dlo1
sid2-1, which has a mixed background of Col-0 (dlo1 and sid2-1) crossed with Ws-4
(dmr6-2), transformed with a 35S:GUS or 35S:DMR6 construct. Two transgenic T3
lines per construct were tested that were found to be quite different with respect to
their metabolite profile. This is likely caused by the mixed genetic background of each
T3 plant with a Ws-4 x Col-0 background that was still segregating for chromosomal
regions outside of dmr6, dlo1, and sid2-1.
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From the metabolite levels that were >2-fold up or down compared to the dmr6-2 dlo1
sid2-1 triple mutant only glycoconjugated forms of 2,5-DHBA were more abundant in
the 35S:DMR6 lines compared to 35S:GUS. At the same time, SA-2-O-glucoside (SAG)
was depleted in lines overexpressing DMR6, but not in the control 35S:GUS lines.
Reduction in SA-related compounds and increase in 2,5-DHBA compounds strongly
suggests that DMR6 is an SA 5-hydroxylase.
Many other differentially abundant metabolites were lower, or sometimes completely
absent, in the 35S:DMR6 plants compared to 35S:GUS. Most of these metabolites
are defense-related compounds that are known to accumulate in response to pathogen
attack. The accumulation of the 4-methoxyindol-3-ylmethyl glucosinolate, derived from
indol-3-ylmethyl, that occurs in the triple mutant and the 35S:GUS lines is abolished
upon DMR6 overexpression. Also, the indolic microbial compound camalexin is formed
in control plants, but is strongly reduced in 35S:DMR6 plants. Levels of glucosinolates
and their breakdown products, which are potential antimicrobials (Tierens et al., 2001;
Pedras et al., 2007) are also low in plants overexpressing DMR6. In the 35S:DMR6
lines we also see low levels of the defense related indole-3-carbaldehyde/carboxylic
acid derivatives. Levels of scopoletin, a coumarin important in defense (Gnonlonfin et
al., 2012), are also down in the lines overexpressing DMR6, compared to the controls.
C6H11NO2 and its derivatives, which are virtually absent in 35S:DMR6 plants, are likely
pipecolic acid (Pip)-related compounds that need to be confirmed. Pip is involved in
systemic acquired resistance (SAR) and defense priming (Bernsdorff et al., 2016).
Accumulation of Pip in systemic leaves is dependent on SA, as ics1 (sid2) mutants
show markedly reduced levels of Pip. The low SA levels in plants overexpressing
DMR6 are likely responsible for the reduction in Pip levels. Both Pip and SA are crucial
for SAR, explaining why this systemic resistance is abolished in the 35S:DMR6 lines.
Levels of agmatine conjugates, which normally accumulate in response to infection and
are known to contribute to resistance to Alternaria brassicicola (Muroi et al., 2009) are
also lower in 35S:DMR6 plants than the controls. Most of the aliphatic glucosinolates
measured are also less abundant in plants overexpressing DMR6. The reduced levels
of defense-related compounds in plants overexpressing DMR6, confirm that DMR6 acts
as negative regulator of immunity. The level of these compounds will be not be directly
influenced by DMR6, but rather indirectly because of strongly reduced levels of the
defense hormone SA and glycoconjugates thereof.
Bartsch et al. (2010) found that the Col-0 eds1-2 mutant does not have any 2,3-DHBA,
except 48 h after infiltration with Pst/AvrRpm1, but these levels were significantly lower
than in Col-0. Possibly DLO1 is regulated by EDS1, and is therefore not active in our
Ler eds1-2 dmr6-1 mutant. Indeed, the levels of 2,3-DHBA compounds found in dmr61 are much lower than in dmr6-3 (Col-0 background). In the dmr6-3 mutant, the high
levels of 2,3-DHBA sugar conjugates are likely caused by increased levels of SA that
causes upregulation of DLO1.
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Our metabolome data clearly indicate that DMR6 and DLO1 are SA 5- and
3-hydroxylases, respectively. Structural modelling of DMR6 on the crystal structure
of the Arabidopsis anthocyanidin synthase (ANS) provided a workable protein model.
Beta-sheet β4, that is part of the substrate binding pocket in ANS, is highly conserved
within DMR6 orthologs of flowering plants. Alignments showed that the only difference
between DMR6 and DLO1 orthologs is at position 2 of the 8 amino acid beta sheet. All
of the DMR6 orthologs have a conserved tyrosine (Y126) at that position, whereas the
majority of DLO1 orthologs have a phenylalanine at this position (F135). In the crystal
structure of ANS, the equivalent Y142 forms two hydrogen bonds with the dihydroquercetin substrate (Wilmouth et al., 2002). Since the equivalent beta-sheets β4 at the
predicted substrate pockets of DMR6 and DLO1 are conserved except for this tyrosine
and phenylalanine, we hypothesized that this difference is the reason why DMR6
hydroxylates SA at the 5-position whereas DLO1 does this at the 3-position. When
SA was modelled into the substrate pockets of DMR6 and DLO1 both orientations of
the substrate were possible. In one orientation the 5-position of the aromatic ring of
SA would be close to the modelled iron atom at which oxygen is reacting, whereas in
the other orientation the 3-position would be next to the iron atom (data not shown).
Calculating the energy, however, did not show any preference for one or the other
orientation of SA in both DMR6 and DLO1. Site-directed mutagenesis showed that
dmr6-3 dlo1 complemented with DLO1F135Y still produced more 2,3-DHBA- than
2,5-DHBA-glyco conjugates, similar to wild type DLO1. dmr6-3 dlo1 35S:DMR6Y126F
on the other hand produced more total 2,5-DHBA- than 2,3-DHBA-glycoconjugates,
similar to wild type DMR6. This indicates that the F135 and Y126 do not determine
the position of hydroxylation on the aromatic ring of SA. Future modelling of SA,
oxoglutarate and iron in improved DMR6 and DLO1 structures might provide more
insight about the difference in SA hydroxylation between the two enzymes.
Upon Hpa infection both DMR6 and DLO1 are induced, but show a different spatial
expression pattern. We hypothesized that the difference in localization of expression of
DMR6 and DLO1 explains that the dmr6 mutant has a stronger resistance phenotype
than the dlo1 mutant. Data of our experiment with promoter swaps between DMR6
and DLO1 show that the difference in activity between DLO1 and DMR6 is mostly
affected by the localization of expression, determined by the promoter, and not by the
difference in the position of SA hydroxylation. The promoter swap constructs contained
a C-terminal GFP tag, which was intended to see the differential expression driven
by the different promoters. However, when analyzing Hpa infected seedlings, we only
detected fluorescence at the sites of infection (data not shown), which is probably
caused by auto-fluorescent compounds produced upon pathogen infection. To see
the localization of expression it is advisable to make constructs containing the GUS
gene, and perform staining using X-gluc.
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Our in vivo data strongly suggest that DMR6 is an SA 5-hydroxylase. To confirm
this idea we want to test if SA hydroxylation also occurs in vitro using recombinant
DMR6 and DLO1. Preliminary data of enzyme assays with recombinant DMR6 and
DLO1, produced in E. coli and using SA as a substrate were unsuccessful so far. We
followed the protocol that Zhang et al. (2013) used for enzyme assays with DLO1
(S3H), but we did not observe any SA catabolism. New recombinant proteins fusions
are currently being used to test the DMR6 and DLO1 activities.
A general mechanism in plants to control and prevent over-accumulation of active
phytohormones, is inactivation by hydroxylation. Hydroxylated hormones, like 12-OHjasmonic acid, do no longer activate downstream signaling pathways (Miersch et
al., 2008). Our data show that the 2OG oxygenases DMR6 and DLO1 negatively
regulate defense responses by inactivation of SA through hydroxylation to 2,5- and
2,3-dihydroxybenzoic acid (DHBA) respectively. The enhanced resistant dmr6-3 and
dlo1 mutants have increased levels of SA and SA-2-O-glucoside (SAG) compared to
Col-0. On the other hand, plants overexpressing DMR6 or DLO1 have reduced levels
of SA and SAG, but instead have high levels of glycoconjugated forms of 2,5- and
2,3-DHBA. Free DHBAs were hardly detected, as they become quickly conjugated
to sugars (Bartsch et al., 2010). These conjugated forms of DHBA are thought to
accumulate in the vacuole (Zhang et al., 2013). By hydroxylating, DMR6 and DLO1
can balance SA levels, which is important for the plant to distribute its resources
between defense and growth.
The functions of Arabidopsis 2,3-DHBA and 2,5-DHBA and their glycoconjugated
forms are still unclear. Considering the resistance phenotypes of dmr6 and dlo1, one
could think that accumulation of 2,3-DHBA glycoconjugates (in dmr6) leads to a higher
resistance than accumulation of 2,5-DHBA glycoconjugates (in dlo1). However, the
highly resistant dmr6-1 only has very low levels of 2,3-DHBA and its glycoconjugates.
Our experiment with plants expressing DLO1 under the DMR6 promoter and vice
versa, shows that localization of expression has the largest effect on the resistance
phenotype, and not the type of DHBA produced. It thus appears that the accumulating
SA in dmr6 is most important for its resistance levels and that susceptibility of DMR6
and DLO1 overexpression lines is the result of depletion of SA.
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Material And Methods
Plant growth conditions
Seeds were stratified for three days at 4°C in the dark. Plants were grown on potting
soil (Primasta) at 21°C under long day conditions (16 h light, 8 h dark), at a relative
humidity (RH) of 100% in the first week, and after that 70%, unless stated otherwise.
Untargeted metabolite analysis

3

Plant lines were sown on a soil/vermiculite mixture (3/2), cold stratified for one day at
4°C and grown in parallel in a growth cabinet with 8 h light (~150 μE m-2 s-1)/22°C and
16 h dark/21°C at 60% relative humidity. After 2 weeks, plantlets were transplanted
into 8-cm pots, randomly arrayed in 4×6 grids in trays and grown for an additional
four weeks to developmental stage 3.5. Plants were cultivated in two independent
experiments (Ex1, Ex2). Five to six fully developed rosette leaves of eight to ten
uniform plants per genotype were harvested, flash frozen in liquid nitrogen, pooled and
stored at -80°C until analysis. Aliquots of 100 (± 5) mg were weighed into pre-cooled
2-mL, round-bottom tubes. The samples were tempered in a CoolRack on dry ice
and 200 μL methanol/water, 8/2 (v/v), pre-cooled at –78°C was added to each tube.
While vortexing occasionally, the mixture was allowed to reach room temperature
within 30 min. Afterwards it was spiked with 10 μL of an internal standard solution
(100 μM anisic acid, 50 μM kinetin, 50 μM IAA-Val, 50 μM biochanin A in methanol/
water, 3/7 (v/v)). The samples were sonicated for 15 min at 20°C, centrifuged for 10
min at 13200xg and the supernatants transferred to new 2-mL tubes. The remaining
pellets were subjected to a second extraction using 200 μL methanol/water, 8/2 (v/v).
The combined extracts were evaporated to dryness in a vacuum centrifuge at 40°C,
thoroughly reconstituted in 200 μL methanol/water, 3/7 (v/v) and centrifuged for 10
min at 13200xg. The supernatants were subjected to reversed-phase UPLC/ESIQTOFMS in negative (ESI(-)) and positive (ESI(+)) ion mode. Additionally, 20 μL of
the supernatant was diluted with 80 μL methanol/water, 3/7 (v/v) and subjected to
reversed-phase UPLC/ESI-QTOFMS in negative ion mode. For nontargeted analysis
of ESI(-) and ESI(+)-data sets two data matrices [feature × sample] were generated
by feature detection and subsequent alignment using the XCMS algorithm (feature
= unique pair of m/z and retention time). Pairwise comparisons of genotypes were
performed using Student’s t test (P ≤ 0.05, uncorrected) and log2-fold changes (no
cut-off used) calculated from medians of technical replicates.
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Targeted metabolite analysis #1
Col-0, dmr6-3, dlo1, sid2-1, dmr6-3 dlo1, dmr6-3 dlo1sid2-1, dmr6-3 sid2-1 and Col035S:DMR6 were grown under the same conditions as for the untargeted analysis in
parallel in three independent experiments. Rosette leaves of eight individual plants
per genotype and experiment were harvested, pooled and frozen in liquid nitrogen.
The leaf pools were homogenized in liquid nitrogen and 2 x 50 mg aliquots were
weighed into 2-mL tubes. Leaf material was quenched at -70°C and extracted with
2 x 200 µL 80% MeOH. Combined extracts were dried and resuspended in 200 µL
50% MeOH. The samples were analyzed by UHPLC/ESI-QTOFMS in positive and
negative ion mode. Known SA and DHBA conjugates were quantified by integration
of extracted ion chromatograms of corresponding quantifier ions.
Targeted metabolite analysis #2
Col-0, Col-0 35S:DLO1, Ler eds1-2 and Ler eds1-2 dmr6-1 were grown for seven
weeks on Primasta soil under short day conditions (10 h light, 14 h dark) at 21°C and
70% RH. ~100 mg of rosette material was harvested in a 2-mL round-bottom safe
lock tube and snap frozen in liquid nitrogen. Samples were ground and put on dry
ice and 200 µL ice-cold 80% MeOH was added. 20 µL Biochanin A was added as
internal standard. Samples were vortexed for a few seconds and put back on dry ice.
The extraction was performed in an ultrasonic bath for 15 min at room temperature
(RT). Samples were centrifuged for 10 min at 13,000xg. The supernatant was
transferred to a new 2-mL round-bottom tube. The sediment was resuspended in 200
µL 80% MeOH (RT). Another extraction was performed in an ultrasonic bath for 15
min at RT. The samples were centrifuged for 10 min at 13,000xg. The supernatant
was combined with the first supernatant and samples were dried in a speed vacuum
concentrator. Dried extracts were dissolved in 400 µL 50% MeOH and vortexed for 10
minutes. The extracts were then sonicated at 22°C for 10 minutes and centrifuged at
13,000xg for 10 minutes. 100 µL supernatant was transferred into vials and analyzed
by UHPLC/ESI(-)-QTOFMS.
Phylogenetic analysis
Orthologous sequences of DMR6 and DLO1 were selected by blastp from the
NCBI reference protein database. Only proteins with an identity >60% and e-value
<1e-150 were selected that all were confirmed to give a reciprocal best hit when verified
on the Arabidopsis protein database. A multiple alignment was made of DMR6 and
orthologs (85 sequences) and DLO1 and orthologues (96 sequences) using Clustal
Omega. From the alignment, the region corresponding to beta sheet ß4 (8 amino
acids) was selected and used for the generation of a sequence logo with the online
tool Weblogo (http://weblogo.berkeley.edu, (Crooks et al., 2004).
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Structural modelling and analysis
A structural model of DMR6 was built by homology using as a template the 3D
structure of the 2OG Fe(II) oxygenase anthocyanidin synthase (ANS) (PDBid: 2brt).
Thousand models were generated using the MODELLER package version 9.7 (Šali
et al., 1995) and the best ranking model according to the DOPE score was selected
for further analysis.
Different chemical compounds were tested against the DMR6 model for binding. We
used for this the default refinement protocol of HADDOCK (Dominguez et al., 2003; de
Vries et al., 2010). Each tested chemical was superimposed onto the native substrate
bound in the holoprotein DMR6 and further refined in water using the HADDOCK
webserver. The best model was chosen based on the HADDOCK score. Topologies
and coordinates were obtained using the PRODRG server (Schüttelkopf and van
Aalten, 2004).
Site directed mutagenesis

3

Site directed mutagenesis was performed using templates of the Gateway® entry
plasmids pENTR DLO1 and pENTR DMR6 containing wild type (Col-0) coding
sequences derived from cDNA. Mutagenesis by PCR was performed by making a
mix of 2 µL (100 ng) template DNA, 1 µL 5 µM 5’ phosphorylated primer, 1 µL 10 mM
dNTPs, 5 µL Phusion HF buffer (Thermo Scientific), 2.5 µL 10x Taq DNA ligase buffer
(New England Biolabs), 1 µL Phusion polymerase (Thermo Scientific), 0.5 µL Taq
ligase (New England Biolabs) and 37 µL milliQ water. The PCR program used was 1
cycle of 65°C for 5 min, 1 cycle of 95°C for 2 min, 20 cycles of 95°C for 30 sec, 60°C
for 30 sec and 65°C for 6 min, followed by 1 cycle of 75°C for 7 min. Subsequently
2 µL of DpnI restriction enzyme was added per reaction and incubated at 37°C for 1
hour. 4 µL per sample was transformed into E. coli TOP10 cells (Invitrogen). For each
construct a newly designed restriction site (leading to a silent mutation) was added
in the sequence. To check whether the constructs were correctly mutated, a colony
PCR was performed and the obtained sequences were checked by digestion of the
product. Positive samples were subsequently sequenced by Sanger sequencing to
verify the mutation. (See suppl. Table 2 for used primers).
Using Gateway® cloning the mutated CDS was transferred into the pFAST R05 vector
(Shimada et al., 2010). These were subsequently transformed into Agrobacterium
tumefaciens GV3101:pMP90. Plants were transformed using floral dipping (Zhang
et al., 2006) and seeds of positive transformants were selected by RFP fluorescence
selection with a binocular. Homozygous T3 lines were used for the experiments.

72

DMR6 negatively regulates immunity by 5-hydroxylation of SA

Systemic acquired resistance assays
For biological SAR induction, the first two true leaves (leaf 1 and 2) of four- to fiveweek-old plants were syringe infiltrated with 1 x 106 colony forming units (cfu)/mL of
Pseudomonas syringae containing AvrRpm1 (Pst/AvrRpm1) or with 10 mM MgCl2
as a mock control. Three days after the primary treatment, the next two “upper” or
systemic leaves (leaf 3 and 4) were infiltrated with 105 cfu/mL of Pst. Four days later,
the Pst-infected leaves were harvested. In planta bacterial titers were determined
by shaking leaf dics from infected leaves in 10mm MgCl2 supplemented with 0.01%
Silwet-L77 at 28°C for 1h (Tornero and Dangl, 2001). The resulting bacterial
suspensions were serially diluted and spots of 20 μL per dilution were grown on KB
medium and counted.
Multisite gateway
Using multisite Gateway the promoters of DLO1 and DMR6 were combined with the
coding sequences of DLO1 and DMR6 and a C-terminal GFP and his-tag. For DMR6,
a fragment of 2577 bp upstream of the start codon was used as promoter sequence,
and for DLO1 a fragment of 2453 bp upstream of the start codon. The promoter
sequences were amplified by PCR (pDMR6 primers no209 and no210, pDLO1
primers no211 and no212 (Suppl. Table 2)) and cloned into pGEMT P4P1R (Box 1).
The coding sequences of DMR6 and DLO1 were previously cloned into a pENTR/DTOPO vector using Gateway cloning (Box 2) using primers DMR6_Fw, DMR6_Rv and
DLO1_Fw and DLO1_Rv (Zeilmaker, 2012). Box 3 plasmid pGEMTe2r3, containing
the terminator sequence, was obtained from the Molecular Plant Physiology lab of
Utrecht University. Because the Box 2 vector and the destination vector pGRII0125 both
carried the Kanamycin resistance gene for selection, digestion of the Box 2 constructs
was performed with the SspI restriction enzyme in the Kanamycin gene. A multisite Gateway reaction was performed according to the protocol of ThermoScientific
(https://tools.thermofisher.com/content/sfs/manuals/multisite_gateway_man.pdf) and
2-4 µL was subsequently transformed into E. coli TOP10 cells (Invitrogen). Correct
plasmids were isolated from E. coli and transformed into Agrobacterium tumefaciens
AGL1:pSOUP. Plants were transformed using floral dipping (Zhang et al., 2006) and
positive transformants were selected using Norflurazon selection. Homozygous T3
lines were used for the experiments.
Hyaloperonospora arabidopsidis disease assay
Eight-day-old seedlings were spray inoculated with Hyaloperonospora arabidopsidis
isolate Waco9 (50 spores/µL). Plants were subsequently placed at 100% RH, under
short day conditions (9 hrs light/15 hrs dark) at 16°C. Scoring was performed by
counting the amount of conidiophores per seedling (n=30).
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Senescence experiment
Plants were grown under continuous light at RT. The start of senescence (yellowing
of the leaf) was measured on leaves 5, 6, and 7. Complete yellowing and drying of
the leaf was considered as the end of senescence. Duration is the time from the start
to the end of senescence.
qPCR analysis

3

RNA isolation of 4-week-old plants (2 plants per sample, 3 replicates) was performed
using an RNeasy RNA isolation kit (Qiagen). cDNA synthesis was performed using 1
µg RNA with an anchored oligo dT primer (odT18VN (Suppl. Table 2)) and RevertAid
H minus Transcriptase (ThermoScientific). PCR reactions were performed in optical
384-well plates with a ViiA 7 realtime PCR system (Applied Biosystems, Carlsbad,
CA, USA), using SYBR® Green to monitor the synthesis of double-stranded DNA. A
standard thermal profile was used: 50°C for 2 min, 95°C for 10 min, 40 cycles of
95°C for 15 s and 60°C for 1 min. Amplicon dissociation curves were recorded after
cycle 40 by heating from 60 to 95°C with a ramp speed of 1.0°C min−1. dCT values
were calculated relative to the reference gene Actin2 (At3g18780; using primers Act2
Fw and Act2 Rv). Primers used for DLO1 were DLO1ex1F_qPCR and DLO1ex2R_
qPCR (Suppl. Table 2).
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Supplemental data
Supplemental Table 1. Untargeted metabolite analysis of the triple mutant dmr6-2 dlo1 sid2-1 and
this triple mutant complemented with 35S:GUS and 35S:DMR6. Two independent transgenic lines
were used per construct. In bold metabolites that are >2x up or down compared to dmr6-2 dlo1 sid2-1.
Asterisks depict samples that were diluted (see material and methods).
Peak area counts
Plant line

Metabolite group /

Name

involved in

(structure formula)

dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7
dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

Salicylic acid
metabolism

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

Salicylic acid 2-O-βGlucoside / SAG
(C13H16O8)

dmr6-2 dlo1 sid2-1

2,5-Dihydroxybenzoic

dmr6-2 dlo1 sid2-1 35S:GUS 4-7

acid O-Pentoside (2,5-

dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

Salicylic acid
metabolism

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

Salicylic acid
metabolism

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

Jasmonic acid
metabolism

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7

Indole

dmr6-2 dlo1 sid2-1 35S:GUS 5-9

glucosinolate

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1

metabolism

dmr6-2 dlo1 sid2-1 35S:GUS 4-7

Indole

dmr6-2 dlo1 sid2-1 35S:GUS 5-9

glucosinolate

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1

metabolism

dmr6-2 dlo1 sid2-1 35S:GUS 4-7

Indole

dmr6-2 dlo1 sid2-1 35S:GUS 5-9

glucosinolate

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1

catabolism

dmr6-2 dlo1 sid2-1 35S:GUS 4-7

Indole

dmr6-2 dlo1 sid2-1 35S:GUS 5-9

glucosinolate

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

acid O-Hexoside (2,5DHBA Hex)
(C13H16O9)
11/12-Hydroxy-

dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7

(C12H14O8)
2,5-Dihydroxybenzoic

dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7

DHBA Pent)

catabolism

dihydrojasmonic acid
O-sulfate
(C12H19SO4)
Indole-3-ylmethyl
glucosinolate (I3M GLS)
(C16H20N2O9S2)
4-Methoxy-indole-3ylmethyl glucosinolate
(4MeO-I3M GLS)
(C17H22N2O10S2)
Raphanusamic Acid
(C4H5NO2S2)

(ratio: sample/dmr6-2_dlo1_sid2-1)
exp1

exp2

average

SD

average

SD

1.000

0.016

1.000

0.044

1.136

0.104

1.033

0.041

1.143

0.071

1.164

0.043

0.000
0.000

0.000

0.000

0.000

0.000

0.000

1.000

0.078

1.000

0.036

2.060

0.132

1.429

0.043

0.062

1.576

0.137

2.140
3.200

70.554
1.000
0.000
0.000
47.553

0.184

2.535

1.342

54.733

0.031

1.000

0.000
0.000

0.000
0.000

0.000

0.060
1.631
0.110
0.000
0.000

1.667

98.864

1.000

0.027

1.000

0.017

1.432

0.059

1.446

0.027

0.309

0.089

0.478
1.000

0.003

1.000

0.004

0.999

0.016

0.993

0.039

1.182

0.024

1.185

0.019

1.232

0.020

1.173

0.021

1.000

0.016

1.000

0.012

1.059

0.021

1.046

0.019

1.028

0.021

1.060

0.035

0.554

0.006

0.520

0.025

1.000

0.036

1.000

0.192

1.328

0.077

1.325

0.053

0.677

0.037

0.597

0.070

3.265
1.308

0.608
1.068

0.602
1.265

0.062

0.040
0.021

0.016
0.088

6.265
1.233

0.312
0.999

0.586
1.452

0.507
0.069
0.012
0.023
0.026

0.016
0.172

0.168

4.024

1.000

0.072

1.000

0.020

1.141

0.042

1.208

0.080

glucoside (4-GlcO-ICHO) 1.385
0.161
(C15H17NO7)
0.172

0.030

1.355

0.045

4-hydroxyindole-3carbaldehyde 4-O-β-d-

5.212

0.116

2.928

0.009
0.004

0.144
0.152

0.383

0.008
0.012

75
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dmr6-2 dlo1 sid2-1

1.000

0.054

1.000

0.024

1.153

0.047

1.136

0.093

glucosinolate

1.664

0.054

1.337

0.098

catabolism

0.300

0.016

0.207

0.022

0.381

0.031

0.332

0.033

1.000

0.063

1.000

0.051

1.246

0.060

1.244

0.025

2.097

0.056

1.429

0.159

0.191

0.032

0.147

0.020

2.470

0.040

1.639

0.151

1.000

0.045

1.000

0.036

1.211

0.034

1.211

0.048

1.736

0.007

1.489

0.067

0.472

0.021

0.348

0.014

0.993

0.040

0.737

0.038

1.000

0.066

1.000

0.041

1.094

0.029

1.062

0.034

1.227

0.025

1.179

0.037

0.471

0.021

0.422

0.026

0.641

0.010

0.675

0.051

1.000

0.045

1.000

0.035

0.944

0.019

1.004

0.060

1.671

0.018

1.194

0.024

0.354

0.018

0.220

0.010

0.849

0.032

0.638

0.040

1.000

0.063

1.000

0.049

0.962

0.062

0.947

0.019

1.805

0.113

1.784

0.113

0.008

0.006

0.003

0.001

0.002

0.001

0.001

0.001

1.000

0.025

1.000

0.023

0.813

0.030

1.028

0.033

1.643

0.063

1.213

0.079

0.007

0.004

0.000

0.000

0.008

0.003

0.000

0.000

1.000

0.052

1.000

0.076

0.858

0.057

0.959

0.084

2.090

0.128

1.259

0.044

0.042

0.028

0.009

0.004

0.048

0.021

0.018

0.006

1.000

0.075

1.000

0.070

0.816

0.055

1.039

0.051

1.843

0.442

1.395

0.154

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

1.000

0.053

1.000

0.071

0.916

0.056

1.042

0.069

1.985

0.081

1.400

0.068

0.037

0.007

0.019

0.004

0.040

0.013

0.017

0.004

dmr6-2 dlo1 sid2-1 35S:GUS 4-7

Indole

dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7

Indole

dmr6-2 dlo1 sid2-1 35S:GUS 5-9

glucosinolate

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

catabolism

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7
dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7
dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1

3

dmr6-2 dlo1 sid2-1 35S:GUS 4-7
dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

Indole-3carbaldehyde/

Unknown indole
(C12H12N2O4 (indolic))
I3CH2NH2 (Indole-3-ylmethylamine)
(C9H10N2)
6-GlcO-I3COOH

carbocylic acid
metabolism
Indole-3carbaldehyde/

(C15H17NO8)
5-GlcO-I3CHO

carbocylic acid
metabolism
Indole-3carbaldehyde/

(C15H17NO7)
I3COOGlc

carbocylic acid
metabolism

(C15H7NO2)

dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7
dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

Camalexin
metabolism

(C11H8N2S)

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7
dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

Camalexin

Hydroxycamalexin
Camalexin

MalonylHexoside

metabolism
(C17H18N2O6S)

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7
dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

Coumarin

Scopoletin

conjugate
(C10H8O4)

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7
dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

Pipecolic acid

Pipecolic acid?

metabolism?
(C6H11NO2)

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7
dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
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Pipecolic acid

Hydroxypipecolic acid?

metabolism?
(C6H11NO3)

DMR6 negatively regulates immunity by 5-hydroxylation of SA
dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7
dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

Hydroxypipecolic acid
Pipecolic acid

hexoside?

metabolism?
(C12H21NO9)

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7

Aromatic /

Phenylalanine

dmr6-2 dlo1 sid2-1 35S:GUS 5-9 Aliphatic amino
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

acids

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

(C9H11NO2)

dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7

Aromatic /

Tyrosine

dmr6-2 dlo1 sid2-1 35S:GUS 5-9 Aliphatic amino
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

acids

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

(C9H11NO3)

dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7

Aromatic /

Tryptophan

dmr6-2 dlo1 sid2-1 35S:GUS 5-9 Aliphatic amino
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

acids

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

(C11H12N2O2)

dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7

Aromatic /

(Iso)Leucine

dmr6-2 dlo1 sid2-1 35S:GUS 5-9 Aliphatic amino
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

acids

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7

Agmatine

dmr6-2 dlo1 sid2-1 35S:GUS 5-9

conjugate

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

metabolism

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7

Agmatine

dmr6-2 dlo1 sid2-1 35S:GUS 5-9

conjugate

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

metabolism

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

(C6H13NO2)
Coumaroylagmatine
(cis+trans)
(C14H20N4O2)
Feruloylagmatine (cis
+ trans)
(C15H22N4O3)

dmr6-2 dlo1 sid2-1

1.000

0.079

1.000

0.054

0.960

0.032

1.261

0.063

2.087

0.131

1.926

0.050

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

1.000

0.053

1.000

0.056

0.827

0.070

1.050

0.047

1.006

0.037

0.961

0.025

0.968

0.035

0.695

0.021

0.805

0.020

0.612

0.049

1.000

0.042

1.000

0.072

0.978

0.019

1.173

0.029

1.001

0.044

1.136

0.035

0.608

0.018

0.499

0.040

0.610

0.020

0.609

0.013

1.000

0.043

1.000

0.016

0.780

0.027

1.004

0.058

0.875

0.011

0.958

0.040

0.609

0.019

0.540

0.030

0.449

0.019

0.425

0.047

1.000

0.034

1.000

0.010

0.860

0.011

1.100

0.057

0.890

0.040

1.144

0.039

0.571

0.018

0.630

0.018

0.599

0.015

0.710

0.014

1.000

0.051

1.000

0.040

0.631

0.033

1.193

0.039

0.933

0.047

1.016

0.065

0.157

0.006

0.189

0.012

0.246

0.027

0.198

0.007

1.000

0.040

1.000

0.045

0.774

0.051

1.467

0.074

0.961

0.062

1.143

0.110

0.131

0.024

0.090

0.025

0.190

0.030

0.099

0.013

1.000

0.073

1.000

0.062

0.855

0.042

1.451

0.046

dmr6-2 dlo1 sid2-1 35S:GUS 4-7

Agmatine

dmr6-2 dlo1 sid2-1 35S:GUS 5-9

conjugate

0.864

0.045

1.186

0.103

metabolism

0.082

0.019

0.090

0.012

0.143

0.041

0.075

0.023

1.000

0.138

1.000

0.138

1.104

0.099

0.645

0.333

0.901

0.040

1.007

0.251

0.390

0.180

0.460

0.028

0.312

0.026

0.312

0.017

1.000

0.056

1.000

0.102

1.050

0.039

0.801

0.332

0.909

0.038

1.143

0.211

0.261

0.051

0.267

0.027

0.214

0.019

0.186

0.033

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7
dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7
dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

Aliphatic
glusocinolates

Acetylagmatine
(C7H16N4O)
3-MeS-Propyl
glucosinolate *

(methylthioalkyl
side chain)
Aliphatic
glusocinolates

(C11H21NO9S3)
4-MeS-butyl
glucosinolate *

(methylthioalkyl
side chain)

(C12H23NO9S3)

77
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Chapter 3
dmr6-2 dlo1 sid2-1

1.000

0.078

1.000

0.139

1.086

0.095

0.857

0.297

1.064

0.094

1.217

0.223

0.486

0.084

0.382

0.131

0.461

0.053

0.512

0.058

1.000

0.100

1.000

0.108

1.142

0.088

0.843

0.377

1.033

0.068

1.210

0.315

0.410

0.091

0.375

0.053

0.469

0.087

0.492

0.101

1.000

0.108

1.000

0.090

1.178

0.043

0.880

0.326

1.064

0.095

1.229

0.277

0.554

0.110

0.513

0.083

0.740

0.104

0.738

0.135

1.000

0.041

1.000

0.038

1.090

0.061

1.013

0.079

0.947

0.045

0.925

0.077

0.828

0.051

0.811

0.028

0.787

0.089

0.595

0.046

1.000

0.032

1.000

0.054

1.179

0.035

0.930

0.220

0.957

0.023

1.127

0.066

0.892

0.103

1.031

0.022

0.985

0.071

0.909

0.044

1.000

0.060

1.000

0.012

1.277

0.105

1.009

0.205

1.057

0.093

1.224

0.091

0.883

0.130

0.965

0.043

0.995

0.111

0.838

0.023

1.000

0.102

1.000

0.065

1.159

0.193

1.043

0.161

0.912

0.125

0.798

0.231

0.980

0.107

0.929

0.094

0.829

0.218

0.567

0.086

1.000

0.057

1.000

0.055

1.117

0.039

0.913

0.193

1.049

0.056

1.138

0.150

0.604

0.085

0.569

0.067

0.778

0.074

0.746

0.091

1.000

0.032

1.000

0.028

0.987

0.027

1.059

0.053

1.174

0.027

0.988

0.043

1.587

0.036

1.421

0.030

1.520

0.045

1.431

0.053

1.000

0.270

1.000

0.117

1.144

0.573

2.263

1.802

dmr6-2 dlo1 sid2-1 35S:GUS 5-9

1.103

0.141

0.754

0.237

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

2.555

1.114

2.055

0.483

2.185

0.255

0.891

0.226

dmr6-2 dlo1 sid2-1 35S:GUS 4-7
dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7
dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7
dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7
dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4
dmr6-2 dlo1 sid2-1

3

Aliphatic
glusocinolates
side chain)
Aliphatic
glusocinolates
side chain)
Aliphatic
glusocinolates
side chain)

side chain)
Apliphatic
(methyl-

(methyl-

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

sulphinylalkyl

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

side chain)

dmr6-2 dlo1 sid2-1

Apliphatic

dmr6-2 dlo1 sid2-1 35S:GUS 4-7 glucosinolates
(methyl-

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

sulphinylalkyl

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

side chain)

dmr6-2 dlo1 sid2-1

Apliphatic

dmr6-2 dlo1 sid2-1 35S:GUS 4-7 glucosinolates

dmr6-2 dlo1 sid2-1 35S:GUS 5-9
dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

(C15H29NO9S3)

(methyl-thioalkyl

dmr6-2 dlo1 sid2-1 35S:GUS 4-7 glucosinolates

dmr6-2 dlo1 sid2-1 35S:GUS 4-7

glucosinolate *

8-MeS-octyl

Apliphatic

dmr6-2 dlo1 sid2-1

7-MeS-heptyl

glucosinolate *

dmr6-2 dlo1 sid2-1

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

(C14H27NO9S3)

Aliphatic

side chain)

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

glucosinolate *

glusocinolates

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

dmr6-2 dlo1 sid2-1 35S:GUS 5-9

6-MeS-hexyl

(methyl-thioalkyl

sulphinylalkyl

dmr6-2 dlo1 sid2-1 35S:GUS 5-9

(C12H25NO9S3)

(methyl-thioalkyl

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

dmr6-2 dlo1 sid2-1 35S:GUS 5-9

glucosinolate *

(methyl-thioalkyl

dmr6-2 dlo1 sid2-1 35S:GUS 4-7 glucosinolates
dmr6-2 dlo1 sid2-1 35S:GUS 5-9

5-MeS-pentyl

(methylsulphinylalkyl
side chain)

(C16H31NO9S3)
3-MeSO-propyl
glucosinolate *
(C11H21NO10S3)
4-MeSO-butyl
glucosinolate *
(C12H23NO10S3)
7-MeSO-heptyl
glucosinolate *
(C15H29NO10S3)
8-MeSO-octyl
glucosinolate *
(C16H31NO10S3)
Dihydroascorbigen
O-Hexoside
(C21H26NO11)

dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

78

Ascorbigen A
(C15H15NO6)
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dmr6-2 dlo1 sid2-1

1-Methoxy-indol-3-

1.000

0.034

1.000

0.039

dmr6-2 dlo1 sid2-1 35S:GUS 4-7

ylmethyl glucosinolate

1.216

0.079

1.423

0.110

dmr6-2 dlo1 sid2-1 35S:GUS 5-9

(1MeO-I3M GLS)

1.016

0.085

1.285

0.111

0.641

0.038

0.872

0.046

1.027

0.092

0.578

0.040

1.000

0.030

1.000

0.048

0.967

0.112

1.158

0.168

dmr6-2 dlo1 sid2-1 35S:GUS 5-9

1.042

0.037

0.911

0.066

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

1.406

0.046

1.485

0.137

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

1.338

0.039

1.386

0.121

dmr6-2 dlo1 sid2-1

1.000

0.037

1.000

0.032

0.855

0.023

0.827

0.065

dmr6-2 dlo1 sid2-1 35S:GUS 5-9

0.781

0.039

0.876

0.091

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

0.463

0.036

0.490

0.033

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

0.466

0.014

0.463

0.035

β-Glucosyl 6-hydroxy-

1.000

0.055

1.000

0.046

dmr6-2 dlo1 sid2-1 35S:GUS 4-7

indole-3-carboxylate

1.158

0.041

1.137

0.084

dmr6-2 dlo1 sid2-1 35S:GUS 5-9

(6HO-I3COOGlc)

2.132

0.038

1.531

0.040

0.286

0.028

0.180

0.015

0.664

0.059

0.445

0.012

1.000

0.040

1.000

0.022

0.965

0.014

1.012

0.026

dmr6-2 dlo1 sid2-1 35S:GUS 5-9

1.097

0.014

1.000

0.032

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6

1.048

0.018

0.896

0.023

dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

0.964

0.020

1.012

0.031

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

(C17H22N2O10S2)

dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7

dmr6-2 dlo1 sid2-1 35S:GUS 4-7

dmr6-2 dlo1 sid2-1

dmr6-2 dlo1 sid2-1 35S:DMR6 4-6
dmr6-2 dlo1 sid2-1 35S:DMR6 7-4

1-O-benzoyl hexose

Nicotinoylmalate

(C15H17NO8)

dmr6-2 dlo1 sid2-1
dmr6-2 dlo1 sid2-1 35S:GUS 4-7

Benzyolmalate

Supplemental Figure 1. The dmr6-3 mutant has enhanced
expression of DLO1 compared to its parental line Col-0.
qPCR analysis of DLO1 expression in Col-0 and dmr6-3 shows
that dmr6-3 has a lower dCt values than Col-0, indicating higher
expression levels of DLO1 than in Col-0. Three biological
replicates were used, each with three technical replicates. Error
bars represent standard deviation.
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Supplemental Table 2: List of used primers. Restriction sites are underlined
Name

sequence 5’→ 3’

Site directed mutagenesis (5’ phosphorylated)
no168 (DMR6 Y126F HhaI SDM)

TCAACAATTGGCGCGACTTTCTAAGACTC

no169 (DMR6 H212Q BamHI SDM) TACCTGCTCAAACGGATCCAAACGCCC
no170 (DLO1 F135Y TaqI SDM)

TGGAGAGACTACCTTCGACTCCATTGC

no171 (DLO1 H221Q BamHI SDM) CTTCCCGGACAAAAGGATCCAACCGTTATC
Promoter swap (Box 1)
no209 (pDMR6 attB4 F)

GGGGACAACTTTGTATAGAAAAGTTGAAATTTTGATTTAAAAAAGG

no210 (pDMR6 attB1r R)

GGGGACTGCTTTTTTGTACAAACTTGTTGATGTCAGAAAATTGAAG

no211 (pDLO1 attB4 F)

GGGGACAACTTTGTATAGAAAAGTTGTGTAAAGATCCAAATAACAT

no212 (pDLO1 attB1r R)

GGGGACTGCTTTTTTGTACAAACTTGTTAATGTGTTTGGTAATGTA

Promoter swap (Box 2)

3

DMR6_Fw

CACCATGGCGGCAAAGCTGATA

DMR6_Rv

GACAAACACAAAGGCCAAAGA

DLO1_Fw

CACCATGGCAACTTCTGCAATATCTAAG

DLO2_Rv

GAGCCAATTCAAGATTGATTACAA

qPCR
odT18VN

TTTTTTTTTTTTTTTTTTVN

Act2 Fw

AATCACAGCACTTGCACCA

Act2 Rv

GAGGGAAGCAAGAATGGAAC

DLO1ex1F_qPCR

TGCTAGTGCGTGTTCCACTT

DLO1ex2R_qPCR

GGAAGAACTCTCTCGCAACG
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The dmr6 loss-of-function mutant is highly resistant to the oomycete
pathogen Phytophthora capsici, whereas plants overexpressing the
susceptibility gene DMR6 are highly susceptible. To discover novel
susceptibility genes an ethyl methanesulfonate (EMS) mutagenesis was
performed to find P. capsici resistant Arabidopsis mutants in the background
of a DMR6 overexpression line. Screening for resistance through
repeated disease assays on multiple generations of putative mutants
led to 32 mutants with reproducible levels of resistance to P. capsici.
Many of the mutants show increased expression levels of the defenserelated gene PR1, compared to the parental M0 control, suggesting they
could be defense-up mutants. However, as none of the mutants tested
resistant against the biotrophic oomycete pathogen Hyaloperonospora
arabidopsidis this scenario is not very likely. Next generation genome
sequencing was performed on the 32 mutants to find all EMS-induced
mutations. Selecting for homozygous mutations in the coding sequence
of the genome resulted in the detection of non-synonymous mutations in
98 to 259 genes per mutant. Several genes were found to be mutated in
multiple mutants, making them possible candidate genes, although there
was also a bias for size of the selected genes. Validation of the candidate
genes is currently being performed by sequencing the corresponding
mutations in resistant plants of the BC1S2 population.
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Introduction
Phytophthora capsici is a destructive phytopathogenic oomycete, causing late blight
in all cucurbits, but also in several legumes and solanaceous plant species. Not only
crop species are susceptible to P. capsici, but also the widely used model plant
Arabidopsis thaliana can be infected (Wang et al., 2013a). Disease symptoms are
root, crown, foliage, or fruit rot that lead to large losses in crop yield and quality
(Hausbeck and Lamour, 2004). Disease management is expensive and difficult.
Adequate control in the field requires limited soil saturation and water accumulation,
which is not always possible due to weather conditions. Irrigation should be managed
to reduce the spread of P. capsici, which is particularly problematic under humid
conditions. One way to reduce losses due to P. capsici is crop rotation, with
limited efficacy due to long-term survival of oospores in the soil. Fungicides cannot
completely prevent disease either, as many populations of P. capsici have become
partially or fully resistant (Granke et al., 2012). Biological control, for instance with
the soil biofumigant Muscodor albus, seemed promising when mixed into the soil in
greenhouse studies but was insufficient on highly susceptible hosts. Although disease
severity could be reduced, the level of disease was still very high in all but one of the
cultivars (Camp et al., 2008; Granke et al., 2012).
Genetic resistance to P. capsici has only been found in a few selected crops (Lamour
et al., 2012). In pepper (Capsicum annuum), different forms of resistance have been
reported that are determined by a single, two, or multiple loci. Whether these different
forms of resistance are mediated by classic resistance genes (R genes) in these
cultivars is unclear as the underlying genes have not been further characterized
(Barksdale, 1984; Ortega et al., 1991; Reifschneider et al., 1992; Saini and Sharma,
1978; Walker and Bosland, 1999). Furthermore, within one plant genotype, different
resistance mechanisms might be more effective against root and crown rot than
against fruit rot or foliar blighting (Sy et al., 2005).
In contrast, resistance to other Phytophthora species, for instance of potato against
P. infestans, has been well-studied at the genetic level. Several potato R genes and
their corresponding P. infestans Avirulence (Avr) genes have been cloned, and many
R loci have been introgressed from wild progenitors into commercial potato cultivars
(Vleeshouwers et al., 2011). Resistance conferred by major R genes is often not
durable though, as pathogens quickly overcome this resistance by selection and
evolution (Fry, 2008). Polygenic resistance is likely to be more durable, but is also
more difficult to utilize in breeding programs (Michelmore et al., 2013). Most of the
research on improving resistance to P. capsici in crops has focused on introgression
of resistance QTLs (Lefebvre and Palloix, 1996; Mallard et al., 2013). However, this
quantitative resistance is also strongly affected by environmental conditions and P.
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capsici isolate used. In general, the many non-genetic factors influencing P. capsici
infection make disease assays not well reproducible (Liu et al., 2014; Naegele et al.,
2014; Thabuis et al., 2003).

4

Alternative forms of resistance can be obtained by mutation of plant Susceptibility
(S) genes. In general, S genes are required for disease susceptibility and contribute
positively to the infection process. Impairment of S genes can lead to disease
resistance. This resistance is often recessive as most S genes are dominant. Two
main classes of S gene-encoded proteins can be distinguished: susceptibility factors
and negative regulators of defense. Susceptibility factors can be divided into three subclasses involved in: (i) pathogen attraction and penetration, (ii) accommodation of the
pathogen, and (iii) sustaining (feeding) the pathogen (Lapin and Van den Ackerveken,
2013). Penetration, but also spore germination, is known to be influenced by plant
surface waxes, such as long-chain alcohols and aldehydes. On the maize (Zea
mays) glossy11 mutant for instance, there is strongly impaired prepenetration by the
barley powdery mildew Blumeria graminis f.sp. hordei (Hansjakob et al., 2011). In this
mutant, very-long-chain aldehydes are depleted from surface waxes, making them
poor substrates for the germination of spores. Exogenous application of aldehydes
on mutant leaves restored germination and formation of prepenetration structures,
suggesting that the waxes serve as a cue for pathogen development. Accommodation
of haustoria, pathogen feeding structures, requires the active contribution of the plant
host. In barley, e.g. the ROP GTPase HvRACB regulates the entry of the powdery
mildew fungus into epidermal cells (Hoefle et al., 2011). A striking example of
impaired feeding of pathogens by the host are mutants of SWEET transporter genes
that are normally involved in export of sugars from plant cells (Chen, 2013). More S
genes have recently been discovered and are described in several reviews (Fawke et
al., 2015; Lapin and Van den Ackerveken, 2013; Pavan et al., 2009; Van Schie and
Takken, 2014).
For Arabidopsis-oomycete interactions several susceptibility genes have been
identified as well, such as the ASPARTATE KINASE2/RAR1 SUPPRESSOR 1 (AK2/
RSP1), DIHYDRODIPICOLINATE SYNTHASE2/RAR1 SUPPRESSOR 2 (DHDPS2/
RSP2) and DOWNY MILDEW RESISTANT 1 (DMR1), that are involved in host amino
acid metabolism. Both Arabidopsis rsp1 and -2 mutants overaccumulate the aspartatederived amino acids methionine, threonine and isoleucine. Accumulation of these
amino acids leads to increased resistance to the downy mildew Hyaloperonospora
arabidopsidis (Hpa) (Stuttmann et al., 2011). Arabidopsis dmr1 mutants are mutated
in HOMOSERINE KINASE (HSK), leading to increased levels of yet another amino
acid, homoserine, a common precursor of methionine, threonine, and isoleucine
biosynthesis. Exogenous application of L-homoserine to wild type plants leads to
enhanced resistance to Hpa. Adding L-homoserine to Hpa conidiospores did not
84

Isolation and characterization of P. capsici-resistant mutants

negatively affect spore germination, indicating that processes in the plant mediate
homoserine-induced resistance (Van Damme et al., 2009). The resistance in rsp1,
rsp2 and dmr1 mutants is independent of salicylic acid (SA)-induced defense
(Stuttmann et al., 2011; Van Damme et al., 2009).
Mutation of negative regulators of defense can enhance basal immune responses
and provide disease resistance. Examples in Arabidopsis-oomycete interactions are
the IMPAIRED OOMYCETE SUSCEPTIBILITY 1 (IOS1) and the DOWNY MILDEW
RESISTANT 6 (DMR6) protein. The leucine-rich repeat receptor-like kinase (LRRRLK) IOS1 is required for full susceptibility to Hpa but also to unrelated (hemi)
biotrophic filamentous oomycete and fungal pathogens (Hok et al., 2011, 2014).
Upon infection with these pathogens IOS1 is induced and required for the subsequent
down-regulation of absicic acid (ABA) signaling. The impaired susceptibility of the
ios1 mutant seems to be independent of plant defense mechanisms, but instead
linked to ABA hypersensitivity, since ABA responses are enhanced in ios1-1 pointing
to a role of the wild-type IOS1 gene in negative regulation of ABA signaling. Mutation
of this regulatory activity is suggested to lead to impaired susceptibility to Hpa (Hok
et al., 2014). Arabidopsis dmr6 mutants are enhanced resistant to various (hemi)
biotrophic pathogens, among which Hpa, the bacterium Pseudomonas syringae pv
tomato DC3000 (Pst), the fungus Colletotrichum higginsianum and the oomycete P.
capsici (Van Damme et al., 2005, 2008; Zeilmaker et al., 2015). DMR6 and its close
paralog DMR6-LIKE OXYGENASE 1 (DLO1/S3H) were found to hydroxylate SA to
2,5- and 2,3-dihydroxybenzoic acid, respectively (Chapter 3, Zhang et al., 2013).
Overexpression of DMR6 and DLO1 leads to depletion of SA, which renders the
plants highly susceptible to Hpa (Zeilmaker et al., 2015) confirming the role of DMR6
and its paralog DLO1 as negative regulators of defense.
The approach of using S genes can be very useful in resistance breeding against
pathogens with high genomic plasticity, like Phytophthora species. To find novel S
genes required for susceptibility to P. capsici, we performed a mutant screen using a
highly susceptible Arabidopsis line overexpressing DMR6. An ethyl methanesulfonate
(EMS) mutagenized population was screened for P. capsici-resistant mutants. Putative
mutants can be impaired in susceptibility factors, lack important negative regulators of
defense, or have genetic lesions in processes downstream of DMR6 overexpression.
From 32 selected resistant mutants, missense and nonsense mutations in the genome
were identified using next generation sequencing (NGS). Candidate genes that are
affected in the mutants can now be validated using available backcross populations,
T-DNA insertion lines, and genetic complementation of mutants.
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Results
DMR6 overexpression results in hypersusceptibility to P. capsici
We previously showed that the Arabidopsis dmr6-1 mutant is highly resistant to P.
capsici, whereas its parental line Ler eds1-2 and transgenic lines thereof, transformed
with DMR6, are highly susceptible (Zeilmaker et al., 2015). Arabidopsis accession
Col-0 is only weakly susceptible to P. capsici, both at the seedling and adult stage.
Overexpression of DMR6 renders Col-0 enhanced susceptible to P. capsici isolate
LT3112 (Fig. 1), however, to a level that is lower than that observed in dmr61 35S:DMR6 plants (data not shown). In this latter line disease development is
rapid and almost all treated plants eventually die because of P. capsici infection.

4
Figure 1. Overexpression of DMR6 in Col-0 renders both seedling and adult plants enhanced susceptible
to P. capsici LT3112. (A) Disease assay on seedlings (16 days post germination (dpg)) sprayed with 50
zoospores/µL. Scoring was performed 5 days post inoculation (dpi) by counting the number of dead and
surviving seedlings. (B) Disease assay on five-week-old plants. Two plants per line were drop-inoculated on
each fully developed leaf with 3 µL droplets of 80 zoospores/µL. Plants were scored at 4 dpi using the following
disease classes: I) no lesion or lesion < drop size; II) lesion <50% of leaf surface; III) lesion >50% of leaf
surface. Col-0 35S:YFP n = 24, Col-0 35S:DMR6: n=20. Both experiments were repeated with similar results.

Also at the microscopic level there was a strong difference in P. capsici infection when
comparing the susceptible dmr6-1 35S:DMR6 line (Fig 2A-H) to the resistant dmr6-1
mutant line (Fig. 2I-L). When sprayed onto the leaf surface, P. capsici zoospores
germinate within one hour (Fig 2G) and the pathogen subsequently enters the plant
by penetrating the anticlinal wall between epidermal cells, or occasionally through
stomata. Within 24 hours, hyphae have colonized the leaf intercellular space of the
dmr6-1 35S:DMR6 line. Small, digit-like, haustoria can be seen in mesophyll cells and
other cells of the leaf that are in contact with the hyphae (Fig 2A, B) and the mesophyll
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Figure
2. Microscopic analysis of P. capsici
I35S:DMR6 (A-H) and dmr6-1 (I-L). (A,LJB) dmr6-1 35S:DMR6 cotelydons at
K
LJ
I
1 day post inoculation (dpi) (C, D) dmr6-1 35S DMR6 cotelydons 2 dpi. (E, F) dmr6-1 35S:DMR6 true leaves. (G) dmr 6-1 35S:DMR6 1 hour post inoculation.
(H) dmr6-1 35S:DMR6 3 dpi. (I, J) dmr6-1 cotelydons 1 dpi. (K, L) dmr6-1 cotelydons 2 dpi. 10-day-old seedlings were inoculated with 50 zoospores/µL. Trypan
blue staining was performed to visualize P. capsici and dead plant cells. G and H originate from a different experiment than the other photo’s. Scale bars are 10
µm (G, H) or 50 µm (A, B, C, D, E, F, I, J, K, L).
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sometimes shows trailing necrosis (visible as trypan blue-stained plant cells, Fig.
2B). After two days, the hyphal growth is more abundant (Fig. 2C-F). In cotelydons,
multiple haustoria enter a single cell (Fig. 2C, D). In true leaves, the hyphae are
thicker than in the cotelydons and only one haustorium per cell is seen (Fig 2E, F).
Three days post inoculation, sporangiophores emerge, abundant sporulation occurs
on the plant surface (Fig. 2H), and the leaves collapse. In contrast, P. capsici growth
on cotyledons of the dmr6-1 mutant is impaired at an early stage (1 dpi) of infection
(Fig. 2I-L). Most zoospores do not germinate, or only form a germination tube (Fig.
2I) while occasionaly appresoria are formed (Fig. 2J). Some zoospores germinate
and occasionally penetrate, and haustorium-like structures are formed (Fig. 2K, L),
but further growth is arrested. In true leaves no P. capsici penetration and growth is
observed. On true leaves and cotyledons no sporangia are formed and plant tissue
remains intact.
Selection of P. capsici-resistant EMS mutants

4

To identify Arabidopsis mutants that are impaired in the interaction with P. capsici
we started with a highly susceptible line. For this, the Arabidopsis Ler eds1-2 dmr6-1
35S:DMR6 line was chosen (parental M0 generation). Seeds of a line homozygous
for the transgene and showing a high level of DMR6 expression, and hence highly
susceptible to P. capsici, were used for ethyl methanesulfonate (EMS) mutagenesis.
M2 mini-pools were generated from 3726 M1 plants grown in 414 groups of 9 plants,
and screened for resistance to P. capsici. (see Fig. 5 for screening workflow). Per
M2 mini-pool, 200-300 seedlings were spray-inoculated with P. capsici zoospores
and after 5-7 days surviving mutants were selected and transplanted. In total,
approximately 100,000 M2 seedlings were screened. Resistant (dmr6-1) and
susceptible (M0) control plants were always taken along in each selection round. If
the disease pressure was low, visible by low infection of the M0 control, the same
M2 seedlings were re-inoculated with P. capsici and scored again after 5-7 days. A
total of 3422 surviving M2 plants from 361 mini-pools were selected as resistant and
transplanted for propagation to the M3 generation. However, a large number of these
survivors were lost after transplantation as they died because of a delayed P. capsici
infection. Also, a number of selected M2 plants were infertile and did not produce M3
seeds. Of 1002 remaining M2 plants seeds were harvested for re-screening in the M3
generation. As seeds of 161 M3 families failed to germinate, 841 M3 families could be
re-screened for resistance to P. capsici. For each M3 family, 50-100 seedlings were
inoculated with P. capsici zoospores and scored for resistance. About one third of the
mutants, 323 families, could be confirmed to be more resistant than the M0 control
and were kept, whereas 518 families were scored as being as susceptible as the
M0 control, suggesting they had escaped infection in the first inoculation round, and
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were discarded as false positives. The selected mutants were screened for resistance
multiple times in the M3 or M4 generation and a final number of 39 mutants showed
a reproducible level of resistance, such as mutant G that does not die of P. capsici
infection, whereas the M0 control does (Fig. 3).

Figure 3. P. capsici-resistant mutant G shows strongly reduced susceptibility compared to the
highly susceptible parental line (M0), although it is not as resistant as dmr6-1. P. capsici disease
phenotype on seedlings of dmr6-1, M0 and mutant G. dmr6-1 is strongly resistant, all seedlings survive.
M0 is highly susceptible, all seedlings die, whereas of mutant G most seedlings survive, but some die (i.e
in lower right area of the photo). Mutant G also has a slightly smaller growth phenotype than its parental
line M0, which is probably caused by the mutational load. Plants were inoculated with 50 zoospores/µL at
16 days post germination (dpg), pictures are taken at 7 days post inoculation (dpi).

To rule out that mutants were resistant due to loss of function of the DMR6 transgene
(resulting in the dmr6-1 phenotype), we sequenced the coding sequence (CDS)
of the transgene in all resistant mutants. We discovered that five mutants, with a
strong and very consistent level of resistance, had non-synonymous mutations in
the DMR6 transgene coding sequence (Fig. 4). All five mutations are G/C to A/T
transitions that are typical of EMS mutagenesis. Two mutants (254-1 and 401-1)
had a premature stop codon which is expected to lead to a non-functional truncated
oxygenase protein. The 3 other mutants had missense mutations leading to amino
acid substitutions in the DMR6 protein. As these mutants show the dmr6-1 resistance
phenotype we reasoned that the substitutions in the DMR6 protein lead to a lossof-function. These mutants were therefore not followed up for further analyses. Two
other mutants showed segregation of the resistance phenotype in the M3, M4 or
M5 generation, suggesting the causal mutation is dominant and heterozygous in the
selected M2 mutant. As we are interested in recessive mutations we discontinued
further analysis of these dominant mutants. The remaining 32 P. capsici-resistant
mutants were further characterized and genetically analyzed to identify the causal
mutations. It is important to note that the subsequent analyses were not carried out
on all 32 mutants, as they were collected over the course of several years and are at
different stages in the analysis pipeline.
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Figure 5. Representation of the EMS screen workflow from M1 generation to the final 32 P. capsici-resistant
mutants. Approximately 100,000 M2 plants from 414 mini-pools (originating from 3726 M1 plants) were screened
for resistance to P. capsici. 3422 surviving M2 plants (from 361 mini-pools) were transplanted to propagate and 841
M3 families (from 253 mini-pools) were re-screened for resistance with P. capsici. 802 families were discarded due
to susceptibility or lack of seed/germination. Two mutants with a dominant mutation were also discarded. Lastly,
five mutants that had a mutation in the DMR6 transgene were discontinued with.This led to a final number of 32
resistant mutants to continue with.

Figure 4. Location of the three amino acid substitutions and two premature stops in the amino acid sequence of the DMR6 protein, encoded by the
transgenic copy of the gene, identified in strong P. capsici-resistant mutants. These include the amino acid substitutions (G63E, S110L and S112N) and
the premature stop codons (Q223STOP and Q257STOP).
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Reduced susceptibility to P. capsici could also be caused by lowered expression of the
DMR6 transgene in the mutants. To check this, an RT- or qPCR was performed on the
35S:DMR6 transgene of the remaining mutants. Expression in 23 of the 32 mutant lines
was compared to the parental M0 line. Of the nine remaining lines no plant material was
available at that time. One or more M3, M4 or M5 families were used per mutant. Since
many mutants have pleiotropic effects on growth, likely caused by the large number
of EMS-induced mutations, DMR6 expression levels were regarded as reduced when
>5 fold lower. Two mutants showed a >5 fold reduction in DMR6 expression, of which
mutant B (1-1) showed a 100-fold reduction (Fig. 6). Mutant B also showed a reduction
of DMR6 expression in the RT-PCR, whereas mutants A, E, F and G showed similar
levels to M0 (Fig. 7). This loss of DMR6 overexpression could be the reason for the
observed resistance in this mutant. We then checked the expression of the transgene
in the resistant backcross lines (BC1S2 generation) of mutant B to see if the resistance
is linked to low expression of 35S:DMR6. Resistant lines, however, showed DMR6
transcript levels similar to or higher than M0 (Fig. 8), indicating that the resistance of
mutant B is not due to low levels of DMR6 expression. The second mutant showing
low DMR6 overexpression (mutant N3; ~1000-fold reduction compared to M0) was one
out of three M5 families originating from the same mutant (N). The other M5 families
originating from mutant N (N2 and N4) showed similar levels of DMR6 overexpression
as the M0 parental line, indicating that mutant N is not resistant because of lowered
DMR6 expression levels (Fig. 6).

Relative expression (2-(ddCt))

4

Figure 6. Relative expression of the DMR6 transgene in selected P. capsici-resistant mutants and the
parental M0 line shows that two mutant lines have >5 fold lower expression than M0. The expression
is relative to levels in M0. On the x-axis the mutants are shown, with in parentheses the name code of
their generation. M0 and 21 mutants were tested, but of 3 mutants multiple samples were used, leading
to 25 samples (and M0). 23 out of 25 samples show 35S:DMR6 levels <5 fold change compared to M0.
Only mutant has B >5 fold lower expression of the transgene, as does one out of three of the M5 families
of mutant N. Data is based on one biological replicate of pooled M3, M4 or M5 seedlings. Error bars show
the standard deviation of two technical replicates. Dashed lines show the 5-fold change compared to M0.
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64-12-2

64-12-1
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33-11-5

33-11-4

A

35S:
DMR6
Actin2

Figure 7. Relative expression of the DMR6 transgene in selected P. capsici resistant mutants
compared to dmr6-1 and the M0 line obtained by RT-PCR shows that mutant B has lower levels of
expression of the DMR6 transgene than M0. Multiple M4 seedlings were used per sample. Actin was
used as a loading control. Mutants A, E, F and G show high expression levels of 35S:DMR6, like M0,
whereas mutant B shows decreased levels.
susceptible BC1S2

Relative expression (2(-ddCt))

resistant BC1S2

4

Figure 8. Relative expression of 35S:DMR6 in resistant and susceptible BC1S2 lines of mutant
B shows that expression levels of the DMR6 transgene are higher than in M0 and mutant B. The
expression is relative to levels in M0. On the x-axis the plant lines are shown with ‘a’ and ‘b’ being biological replicas of a BC1S2 line. Error bars show the standard deviation of two technical replicates. All
backcrossed lines, except for one replica of the susceptible line B1k-14 show higher levels of 35S:DMR6
expression than M0, indicating that the resistance in mutant B is not due to low expression levels of DMR6.

Resistance of the mutants to P. capsici could also be caused by a constitutive high
activation of plant defense. To test this, we monitored the expression of the defense
gene PATHOGENESIS-RELATED GENE 1 (PR1) that is a commonly used marker
for SA-induced immune responses. To analyze if, despite DMR6 overexpression, any
of the mutants would have enhanced expression of PR1, its transcript levels were
92

Isolation and characterization of P. capsici-resistant mutants

determined by qPCR. PR1 expression in the dmr6-1 mutant is upregulated, but in the
presence of the 35S:DMR6 transgene (in M0) PR1 expression is virtually abolished. All
mutants showed enhanced PR1 expression compared to the M0 control. Six mutants
(B, J, N, R, Yc and Yu) showed even higher PR1 expression than the dmr6-1 mutant
(Fig. 9). This suggests that most of the mutants that were tested by qPCR have a
constitutive high level of defense activation, although in this experiment dmr6-1 also
did not have a high PR1 expression, with Ct values of 26 (ΔCt=5.6). All mutants were
also screened for resistance to the downy mildew Hpa, but none of the mutants showed
a clear resistance phenotype (data not shown), suggesting that the 32 mutants do not
have constitutive activation of SA-dependent defenses, which would normally provide
resistance to downy mildew.

Figure 9. Relative expression of the defense marker gene PR1 in selected P. capsici-resistant mutants
compared to dmr6-1 and the parental M0 line shows that all mutants have higher PR1 expression
levels than the parental M0 line and six mutants have higher expression levels than dmr6-1. The
expression is relative to levels in M0. On the x-axis the mutants are shown, with in parentheses the name
code of their generation. Error bars show the standard deviation of two technical replicates. Data is based on
one biological replicate of pooled M3, M4 or M5 seedlings. All mutants show higher levels of PR1 expression
than M0. Six mutants even have higher PR1 expression than dmr6-1.

Genetic analysis of P. capsici resistance
To study the genetics of resistance and remove unwanted EMS mutations the remaining
32 mutants were backcrossed to the parental M0 to obtain BC1 lines that were
subsequently self-pollinated to obtain BC1S1 seed. Resistance caused by recessive
mutations is expected to segregate in a 1:3 ratio in the BC1S1 generation. To find the
causal mutations, we had planned to perform whole genome sequencing on bulked
BC1S1 segregants that were scored as resistant to P. capsici. For this, adult plants
would be needed so that two leaves per plant would be harvested before P. capsici
inoculation and disease phenotyping. However, due to low resistance of mutants at
the adult stage (data not shown), resistant plants could not be selected in efficient
way. Also, the P. capsici assay is not very reproducible, making the results of a single
phenotyping experiment unreliable.
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Whole genome sequencing and bioinformatics

4

Since homozygous resistant BC1S1 plants could not be selected for bulked-segregant
analysis to identify the causal mutations it was decided to sequence the genomes
of all selected mutants. Two important assumptions supporting this plan were that
(i) the expected recessive mutations are homozygously present in the mutants, and
(ii) within the set of 32, several mutants will be mutated in the same gene, being
allelic. We therefore chose to sequence the mutants in the M3, M4 or M5 generation.
Genomic DNA of the 32 mutants was isolated from multiple seedlings per mutant line.
When possible, we pooled DNA of multiple M3/M4/M5 families in equal quantities.
All mutants, and also the M0 line, were sequenced to a depth of 30-128x coverage
(15x106-57x106 reads of 150 bp) using the Illumina platform to enable the reliable
identification of homozygous mutations. The sequences were compared to those of the
M0 parental line and homozygous mutations were determined using the NIKS pipeline
(Nordström et al., 2013). Only EMS mutations (G/C to A/T) were selected. The output
from the NIKS pipeline was aligned to the Col-0 reference genome (adjusted for Ler
polymorphisms) to locate the exact genomic location of each mutation. Mutations
within protein coding sequences (CDS) were selected and those leading to nonsynonymous mutations (missense and nonsense mutations) were further analyzed.
The number of EMS mutations in CDS per mutant lies between 140 (W) and 351
(Yb) (Table 1, column III), of which 67% (U, Yh) to 76% (Ya) are non-synonymous
mutations (Table 1, column V). The number of nonsense mutations per mutant varies
from 2 (I, W) to 14 (L, U) (Table 1, column VI). We continued only with genes with
missense and nonsense mutations (leading to non-synonymous substitutions). On
average 181 genes per mutant are affected by missense and nonsense mutations,
ranging from 98 in mutant W to 259 in mutant Yb.
We next assessed the overlap in mutated genes within each mutant compared
with mutated genes in all other lines. We observed that mutants A and H, which
both originate from mini-pool #33, show higher numbers than the other mutants: A
shows 107 overlapping genes, H 121 (Table 1, column VII). Mutants derived from
the same mini-pool, could originate from the same M1 plant and might therefore
not be independent. Indeed 93 mutated genes overlapped between A and H (Fig.
10a), of which most are located on chromosomes 1 and 5 (data not shown). The
mutations in the overlapping genes are at the identical genomic locations in mutants
A and H, indicating that they originate from the same M1 plant. When focusing on the
candidate genes, from here on we treated A and H as one mutant and only looked at
the 93 mutated genes that occur in both A and H, and not to those that occur just in
one of these two mutants. Mutant K and L also originate from the same mini-pool, but
do not originate from the same M1 plant, as they only share one mutated gene which
is mutated at different positions in the two mutants (Fig. 10b).
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(I)
mutant line

(II)
original name

(III)
total # EMS
mutations (in CDS)

(IV)
# non-synonymous
mutations (in # genes)

(V)
% non-synonymous
mutations

(VI)
# nonsense mutations

(VII)
# genes overlap with
other mutants (nonsynonymous mutations)

Table 1. Number and type of EMS mutations in the CDS of 32 resistant mutants, found using whole
genome sequencing. The total number of EMS mutations in CDS varied from 140 (W) to 351 (Yb). The
number of nonsynonymous mutations varied from 98 (W) to 260 (Yb) including 2 (W) to 14 (L, U) nonsense
mutations. The overlap with genes found in other mutants lies between 33 (E) and 121 (H).

A

Pc_33-11

197

139 (138)

71.1

3

107

E

Pc_102-19

247

177 (174)

71.7

11

33

228

159 (157)

69.7

11

40

212

153 (153)

72.2

8

34

293

205 (203)

70.0

11

121

174

120 (119)

69.0

2

28

281

196 (193)

69.8

9

63

219

150 (150)

68.5

3

36

304

209 (208)

68.8

14

64

286

215 (215)

75.2

9

62

346

248 (247)

71.7

13

69

298

213 (212)

71.5

13

53

260

190 (190)

73.1

9

54

241

167 (167)

69.3

6

48

326

217 (217)

66.6

14

55

277

193 (191)

69.7

9

52

140

98 (98)

70.0

2

26

230

175 (175)

76.1

8

49

351

260 (259)

74.1

5

66

226

154 (154)

68.1

7

45

290

193 (190)

66.6

8

52

247

176 (176)

71.3

12

47

278

200 (199)

71.9

11

62

182

126 (124)

69.2

4

40

288

214 (213)

74.3

13

60

261

184 (181)

70.5

10

55

268

182 (181)

67.9

5

56

318

223 (222)

70.1

9

59

177

129 (128)

72.9

6

30

271

198 (198)

73.1

9

58

257

182 (181)

71

8

54

B
F

G
H
I

J

K
L

N

O
R
S
T

U
V

W

Ya

Yb
Yc

Yh
Yj

Yk
Yn

Yp
Yq
Yr

Ys

Yv

Yw
Z

Average

Pc_64-12
Pc_120-2

Pc_270-13
Pc_33-5
Pc_44-5

Pc_111-9

Pc_125-12
Pc_125-20
Pc_140-2
Pc_151-1
Pc_247-2
Pc_340-3
Pc_354-9

Pc_373-10
Pc_378-2
Pc_393-5
Pc_65-24
Pc_75-3
Pc_97-4

Pc_228-9
Pc_229-3
Pc_234-3
Pc_315-5
Pc_328-2
Pc_334-2
Pc_361-9

Pc_363-10
Pc_380-4
Pc_404-2
Pc_56-3

232

278

172 (172)

199 (198)

74.1

71.6

9

4

50

4

51
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a

b

Figure 10. Venn diagrams showing the overlap in mutated genes. Mutants A and H both originate
from mini-pool 33 and have 93 overlapping genes with EMS mutation in the CDS, whereas mutants
K and L, both originating from mini-pool 125, only have one overlapping mutated gene. (a) Mutants
A and H, both originating from mini-pool 33, share 93 mutated genes, with mutations at the same location
in each gene, indicating A and H originate from the same M1 plant. (b) Mutants K and L, both originating
from mini-pool 125, only share one mutated gene (not mutated at the same location). This indicates K and
L originate from two different M1 plants within the same mini-pool.

Selection of candidate genes

4

The disadvantage of genome sequencing the mutants is that a high number of EMSinduced nonsense and missense mutations are identified in each line. However, the
total number of mutants is expected to be high enough to find different alleles of
affected genes. We therefore searched for genes that were mutated in two or more
mutant lines. When more mutants were sequenced we focused on genes that were
mutated in at least three mutants, resulting in 85 candidate genes. Of the 85 genes,
76 are mutated in 3 mutants, 7 are mutated in 4 mutants and 2 genes are mutated in
5 mutants (Table 2).
How many genes are expected to be mutated in three or more mutants by chance?
We calculated this for the predicted 27416 protein coding genes annotated in the
Arabidopsis genome (TAIR10). On average 181 genes have nonsynonymous
substitutions in each mutant (Table 1, column IV). Under the assumption that the
chance of getting EMS mutations is equal for each gene, the chance of a given gene
being mutated in a single mutant is 181/27416 = 0.0066. The chance that a single
gene is mutated in two independent mutants is 0.00662 x (1-0.0066)0 = 0.000044.
Since there are 27416 genes there will be on average 1.19 (27416 x 0.000044)
mutated genes shared between 2 given mutants. With 31 mutants we can make 496
different combinations of 2 mutants (31!/(2!*29!)), resulting in an overall number of
expected shared mutant genes of (31!/(2!*29!)) x 0.00662 x (1-0.0066)29 x 27416 =
456. For mutant genes that are shared in 3 mutants the expected number is 29, for 4
genes 1 and for 5 genes 0 (Table 2, Fig. 11). The number of observed shared mutant
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genes is higher for all classes. This could mean that the selection for P. capsici
resistant mutants has led to selection of mutations in specific genes that are therefore
more often shared. Another explanation could be that the chance to have a mutation
in certain genes is higher than other genes. One important criterion could be the size
of the gene and encoded protein. Indeed, when we determine the average molecular
weight of the encoded proteins for each class of shared mutant genes we see that
the genes that are mutated more often have on average a higher molecular weight
(MW) (Table 2). The average molecular weight of Arabidopsis proteins is 48 kD,
whereas the genes mutated in two, three, four or five mutants encode for proteins with
an average MW of 82, 138, 148 and 249 kD respectively. This indicates that indeed
the large gene size could be the reason that certain genes are EMS mutagenized in
multiple mutants, with higher numbers than would be expected by chance.
Table 2. Numbers of expected and observed mutated genes in three, four or five mutants and the
average molecular weight of the proteins encoded by the observed genes. The number of observed
mutated genes is higher than the expected number. For genes mutated 2, 3, 4 and 5 mutants, 627,
76 , 7 and 2 genes were mutated respectively, whereas the expected numbers were 456, 29, 1 and 0,
respectively. The average molecular weight of the proteins encoded by observed mutated genes increases
with the number of mutants that the gene is mutated in.
Gene mutated in # mutants

# expected genes

# observed genes

average MW (kD)

2

456

627

82

3

29

76

138

4

1

7

148

5

0

2

249

4

Figure 11. Visual representation of numbers of expected and observed mutated genes in three, four
or five mutants, data is the same as in Table 2. The number of observed mutated genes is higher than
the expected number. For genes mutated 2, 3, 4 and 5 mutants, 627, 76 , 7 and 2 genes were mutated
respectively, whereas the expected numbers were 456, 29, 1 and 0, respectively.
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Linking mutant genes to P. capsici resistance
The identification of the mutant genes that cause resistance to P. capsici requires a
genetic approach. Because the P. capsici disease assay in the BC1S1 generation
was not feasible (as described above), we chose to analyze the next generation of
BC1S2 families. If a causal mutation is recessive, the resistance should segregate
1:2:1 (homozygous mutant : heterozygous : homozygous wild type) in the BC1S1
generation. In the BC1S2 families we expect around 25% of families to show full
resistance (derived from a homozygous mutant BC1S1), 50% with a segregating
resistance phenotype (derived from a heterozygous mutant BC1S1) and 25%
of families to be fully susceptible (derived from a homozygous wild type BC1S1).
Unfortunately, we did not see a clear segregation in the BC1S2 population. The
disease scores of the different BC1S2 families showed a gradual slope from as
susceptible as M0 line, to as resistant as dmr6-1 mutant (Fig. 12). The disease
assays did not show very consistent results. However, after three or four disease
assays the most resistant and most susceptible BC1S2 families could be selected,
that are expected to be homozygous mutant or wild type, respectively. Experiments
are now underway to isolate genomic DNA of multiple individual plants per BC1S2
family, to amplify candidate genes by PCR, and to interrogate the mutant positions
by Sanger sequencing. The presence of mutations can be subsequently checked for
genetic linkage to the resistance phenotype. If the P. capsici-resistant BC1S2 families
all have the mutant allele and the susceptible families not, the tested gene will be
regarded as a serious candidate gene.

4

Figure 12. Resistance scores of BC1S2 families of mutant R in multiple P. capsici disease assays.
The graph shows the normalized resistance score, with the most diseased line scoring 0 and the most
resistant line scoring 1. Data is shown of three independent disease assays as well as the average of
these three experiments. There is a large variation between the three experiments. dmr6-1 always shows
strong resistance and M0 is susceptible, although there are also lines that have a lower score than M0.
Experiment 3 had a low infection rate with many lines showing strong resistance to P. capsici.
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An important next step would be the genetic complementation of the mutant by the
wild-type candidate gene, by means of Agrobacterium-mediated transformation.
Restoration of susceptibility would indicate that the mutated candidate gene is
responsible for the P. capsici resistance. Alternatively, T-DNA insertion lines, with
an insertion in the candidate gene, could be used to test if knocking down/-out of the
gene would lead to enhanced resistance.

Discussion
In this study we performed a genetic screen for resistance to P. capsici on ~100,000
EMS mutagenized plants (M2 generation, derived from ~4000 M1 plants), in the
highly susceptible background Ler eds1-2 dmr6-1 35S:DMR6. After multiple disease
assays on a large number of putative mutants, in consecutive generations (M2, M3,
M4 and M5), we obtained 32 P. capsici-resistant mutants that showed a reproducible
level of resistance. As the P. capsici bioassay is not very reproducible we chose to
use the highly susceptible line Ler eds1-2 dmr6-1 overexpressing DMR6 to obtain as
few false positive resistant mutants as possible. Nevertheless, most of the mutants
that were picked up in the M2 generation did not prove to be true mutants, but rather
escapees or false positives. Another unwanted complication of the 35S:DMR6
background was the enhanced susceptibility to other pathogens that sometimes
caused severe infections during the screening, making it impossible to score P.
capsici resistance. The disease assays were often variable (sometimes severe P.
capsici infection, sometimes weak), so multiple disease assays in next (M3, M4 or
M5) generations were needed to confirm resistance of mutants. In the end, 32 P.
capsici-resistant mutants were further analysed.
To find the causal mutations of the observed resistance, we had planned to use
resistant adult BC1S1 plants for genome sequencing, but since these adult plants
were all susceptible instead of showing a 1:3 resistance ratio, this was not feasible.
Instead, the 32 mutant lines were used for whole genome sequencing (M3, M4 or M5
generation). Only homozygous C/G to T/A mutations, typical of EMS mutagenesis, in
the coding sequence (CDS) were selected. However, Greene et al., (2003) propose
that in 1% of cases EMS induces other mutations. This suggests that by selecting
only C/G to T/A mutations, one percent of the mutations might not be called and
the causal mutation could be missed. So far, however, all previously identified dmr
mutations (Van Damme et al., 2005), but also the mutations in the DMR6 transgene
picked up in our screen, are the typical EMS transitions.
Identification of mutations by genome sequencing is generally done by comparing
reads of the mutant genome to a reference. However, our mutants were generated in
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the Ler background, with additional mutations that had accumulated during previous
mutagenesis experiments, for eds1-2 and dmr6. It also contains other changes
because of transformation with the DMR6 transgene. The NIKS method (Nordström et
al., 2013) is very powerful in that it can compare two highly related genomes, such as
that of mutant and wild-type, without requiring a reference genome. By including the
parental M0 line in our genome sequencing we could identify changes that occurred
due to EMS mutagenesis in the selected mutants. Preliminary data showed that of
33 tested predicted mutations identified by NIKS, all could be confirmed by Sanger
sequencing of PCR amplicons in the corresponding mutants.

4

By sequencing the genomes of 32 resistant mutants, we found on average 181
mutated genes with non-synonymous mutations per mutant. In total we found 4879
mutated genes with missense or nonsense mutations in the 32 mutants, which could
obviously not all be pursued as candidate genes. When the first five mutants had
been sequenced, we focused on genes with a nonsense mutation and genes that are
known to be involved in disease resistance. When all 32 mutants were sequenced,
we had a total of 267 genes with nonsense mutations, which were too many to follow
up. Therefore, we chose to focus on genes that are mutated in at least three mutants,
thereby aiming for different alleles of a selected number of genes. A total of 85 genes
are mutated in three, four or five mutants. We only looked at mutations in the coding
sequences (CDS) although also mutations in the promoter regions, in introns, and in
other genic non-coding regions could cause loss of function of a gene and result in
P. capsici resistance. Mutant E showed resistance to Hpa in the BC1S2 generation
(10 of 33 screened BC1S2 families were scored as resistant). Preliminary sequencing
data of pooled genomic DNA of three highly resistant BC1S2 families reduced the
number of homozygous mutations present in these resistant lines. The number of
non-synonymous mutations was reduced to 31 (in 31 genes), which is 17.5% of
177 non-synonymous mutations that were found in mutant E (Table 1). Of these 31
homozygous mutations, only 15 overlap with the mutations in mutant E, decreasing
the number of candidate genes more than ten-fold. For other mutants of which we
have P. capsici resistant BC1S2 lines, sequencing of pooled resistant BC1S2 families
could be an effective method to strongly reduce the number of candidate genes.
We are currently attempting to identify the mutated genes that cause resistance in
our mutants. Three approaches were chosen to identify the causal gene: (i) using
backcrossed lines to link mutant genes to P. capsici resistance; (ii) using T-DNA
insertion lines that are knocked-down/-out for the gene of interest, to see whether
they show (enhanced) resistance to P. capsici and (iii) complementation of resistant
mutant lines with the gene of interest, to see if susceptibility to P. capsici is restored.
For most mutants we have performed P. capsici disease assays on 30-40 BC1S2
families to determine segregation of the resistance. We expect around 25% families
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to show full resistance, 50% with a segregating resistance phenotype and 25%
fully susceptible families (originating from homozygous mutant, heterozygous and
homozygous wild type BC1S1, respectively). Between the disease assays there was
much variation in disease severity and there was also much variation in disease
phenotypes of the individual BC1S2 families. A BC1S2 family that would score
resistant in one assay, could score susceptible in the next. For selection of the most
resistant and susceptible BC1S2 families at least 3 or 4 disease assays were needed.
The average resistance score was calculated and used to select the most resistant
and susceptible families with low standard deviation to continue with. Candidate
genes were sequenced to check whether the presence of mutations was linked to
the resistance phenotype. Unfortunately this was also not always black and white, for
instance we sometimes found three mutant alleles and one wild type in the top four
resistant families. In this case the gene was then not yet discarded. Fortunately we
could discard 21 genes using this linkage approach. Of these 21 genes, 13 are on
the shortlist of 85 candidate genes and the other eight were genes involved in disease
resistance or had a mutation leading to a premature stop codon. Discarding a gene
for one mutant, however, does not necessarily mean it is automatically discarded for
other mutants in which the same gene is mutated.
Having identified candidate genes that are mutated in multiple independent mutants
now also facilitates testing for allelism. Making all pairwise crosses between 31
mutants would require a total of 465 F1 combinations to be tested. By making
selections of mutants, based on shared mutated genes, a reduced number of crosses
has to be made to test for allelism.
Another approach to verify candidate genes is to use knock-down/-out lines with a
T-DNA insertion in the candidate gene, to see if this leads to enhanced resistance
to P. capsici. However, this approach did not prove valuable for us. Most T-DNA
insertion lines are in the Col-0 background. In our disease assays, using the highly
virulent P. capsici LT3112, Col-0 is always resistant at seedling stage, so enhanced
resistance of a T-DNA insertion line cannot be observed. We did find that adult Col-0
plants are more susceptible than seedlings, but since we tested all our mutants at
seedling stage and most adult mutants were not as resistant as the seedlings, it did
not seem fit to perform disease assays on adult plants. Therefore this approach is not
suitable to confirm candidate genes, until we find a better way to infect Col-0 at the
seedling stage.
A third approach that we could take is to complement the resistant mutant plant with
an intact copy of the candidate gene, to see if this transgenic line will be susceptible
to P. capsici. We performed complementation of two mutants, using Agrobacterium
mediated transformation, which proved difficult. Few seeds could be harvested
and none or only one or two T1 seeds could be obtained. This might be due to the
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small growth phenotype of the used mutants, so it would be better to use resistant
backcrossed plants. Since it is a lot of work (and a long wait) to obtain good T2 or T3
transformants that can be used for disease assays, it seems wise not to use this as a
first approach for all our candidate genes, but only in a later stage, when the number
of candidate genes has narrowed down.
We expect to find two classes of P. capsici-resistant mutants. The first class are mutants
with enhanced defense responses (so called defense-up mutants), the second class
are mutants that are impaired in the infection process (loss of susceptibility mutants).
Defense-up mutants, that constitutively express defense-related genes, are usually
resistant against multiple pathogens. Screening our 32 P. capsici-resistant mutants
with the oomycete pathogen Hpa did not show any reproducible Hpa resistance,
suggesting that our mutants are not defense-up, but loss of susceptibility mutants.

Material and Methods
EMS mutagenesis

4

Prior to ethyl methanesulfonate (EMS) treatment seeds (~10,000) of Ler eds1-2
dmr6-1 35S:DMR6 (M0) were first washed in 0.1% Tween 20, then in milliQ water
and subsequently imbibed on a roller bench in 10 mL milliQ water for 5 days (4°C,
dark). 0.2% EMS was added and seeds incubated on a roller bench for 18 h (RT,
dark). The seeds were subsequently washed eight times with in total 8 L dH2O using
a Buchner siphon. After the wash, seeds were left for 45 minutes and were then
resuspended in 40 mL 0.1% agarose. Seeds were first sown out in small pots, nine
M1 seedlings (7-10 days old) were subsequently planted per pot and M2 seeds were
harvested per pot, resulting in 414 mini-pools of M2 seed.
Plant growth conditions
Unless stated otherwise, seeds were stratified for 3-4 days at 4°C. Plants were grown
on potting soil (Primasta) at 21°C under short day conditions (10 h light, 14 h dark).
For propagation, plants were grown under long day conditions (16 h light, 8 h dark).
Relative humidity (RH) was 100% for the first week, after that 70%.
P. capsici growth and zoospore production
Phytophthora capsici strain LT3112 was grown on V8 agar plates (V8A (20% v/v V8
juice, 1.5% technical agar, 35 mM CaCO3)). The strain was maintained by weekly
transfer of a mycelial agar plug to a fresh V8 agar plate. Growth conditions were 21°C
under short day conditions (10 h light, 14 h dark), 100% RH. Zoospore production
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was performed by cutting the mycelium-containing V8 agar of a one-week-old plate
into squares (5x5 mm) and dividing them over two petri-dishes. 10 mL dH2O was
added and refreshed after one hour. Plates were subsequently kept at RT for 3 days
and were given a cold shock for one hour at 4°C to allow the release of zoospores
from the formed sporangiophores.
P. capsici infection assays
For screening for P. capsici resistant mutants, 10-14-day-old seedlings were sprayinoculated with 50-60 zoospores/µL dH2O. Plants were grown at 100% RH at 21°C
under short day conditions (10 h light, 14 h dark). Immediately after spraying, seedlings
were placed in the dark for 24 hours and kept at 100% RH for 5-7 days at 21°C under
short day conditions (10 h light, 14 h dark). After 5-7 days RH was changed to 70%.
Selection of resistant M2 plants was performed after 7-10 days, scoring of M3 and
backcrossed lines after 5-7 days.
Disease scoring of P. capsici infected plants
Selecting the resistant plants of the M2 generation was done by determining the
survival of single plants. Scoring of M3 and backcrossed lines was performed
by determining the percentage of surviving plants (%R) within a pot with 20-100
seedlings. To take into account that the infection was not always equally strong, the
percentage was subsequently normalized per tray, to obtain a normalized resistance
score (NRS) between 0 and 1, using the following formula: NRS = (%Rsample-%Rmin) /
(%Rmax-%Rmin). This gives score 0 for the sample with the lowest %R (Rmin) and score
1 for the sample with the highest %R (Rmax). In general M0 scored close to 0 and
dmr6-1 scored 1.
Arabidopsis genomic DNA isolation and PCR amplification
Genomic DNA (gDNA) for PCR amplification was obtained from fresh (or frozen and
thawed) Arabidopsis leaf material. Two different protocols (A and B) were used. (A)
Plant material was ground in 200 µL sucrose solution (50 mM Tris.HCl; pH 7.5, 300
mM NaCl and 300 mM sucrose), subsequently incubated at 95-100°C for 10 minutes
and then centrifuged at 6000xg for 5-10 seconds. 1 µL supernatant was used per
25 µL PCR reaction. (B) Plant material was ground and subsequently 325 µL SDS/
salt extraction buffer (200 mM Tris; pH 7.6, 250 mM NaCl, 0.5% SDS, 25 mM EDTA)
was added followed by 10-60 min incubation at 65°C. The sample was centrifuged
for 5 min at 18,400xg, the supernatant was transferred to a new tube and an equal
volume of isopropanol was added. The sample was then centrifuged for 10-15 min
at 18,400xg, the supernatant was removed and 750 µL 70% ethanol was added
103

4

Chapter 4

followed by 5 min centrifugation at 18,400xg. The supernatant was removed and the
pellet was air dried for 5 min at 37°C. The pellet was carefully resuspended in 100 µL
milliQ water. 1 µL gDNA was used per 25 µL PCR reaction. Possible mutations in the
DMR6 transgene were checked by Sanger sequencing (Macrogen). The transgene
was amplified from Arabidopsis gDNA using a forward primer on the 35S promoter
(p35S Fw) and a reverse primer on the 35S terminator (t35S Rv) (Suppl. Table 1).
RNA isolation, cDNA synthesis, RT-PCR and qRT-PCR

4

RNA isolation was performed from using the Spectrum Plant Total RNA kit (SigmaAldrich). Subsequent DNase treatment was performed using DNase I (Thermo
Scientific). cDNA synthesis was performed using an anchored oligo dT primer
(odT18VN) and RevertAid H minus Transcriptase (ThermoScientific). For RT-PCR
30 cycles were run with the following thermal profile 95°C for 5 min, 30 cycles of
95°C for 30 s, 58°C for 30 s and 72°C for 20 s, followed by 72°C for 5 min. For
gene expression analysis with a two-step qRT-PCR (qPCR), RNA was extracted as
described for vegetative tissues by Oñate-Sánchez and Vicente-Carbajosa, (2008).
RNA that was used for qRT-PCR was pretreated with DNAse I (Fermentas, St. LeonRot, Germany) to remove genomic DNA. RevertAid H minus Reverse Transcriptase
(Fermentas) was used to convert DNA-free total RNA into cDNA using an oligo(dT)
primer (odT18VN , Suppl. Table 1). PCR reactions were performed in optical 384-well
plates with a ViiA 7 realtime PCR system (Applied Biosystems, Carlsbad, CA, USA),
using SYBR® Green to monitor the synthesis of double-stranded DNA. A standard
thermal profile was used: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for
15 s and 60°C for 1 min. Amplicon dissociation curves were recorded after cycle
40 by heating from 60 to 95°C with a ramp speed of 1.0°C min−1. Fold change was
calculated relative to the reference gene Actin2 (At3g18780; using primers Act2 Fw
and Act2 Rv (Suppl. Table 1)) using the 2−ΔΔCt method described previously (Livak
and Schmittgen, 2001; Schmittgen and Livak, 2008). For RT-PCR 14-day-old plants
were used, for qPCR 3-4-week-old plants. Primers used for DMR6 expression were
no119 and no120, for PR1 expression PR1 Fw and PR1 Rv (Suppl. Table 1).
Next Generation Sequencing of Arabidopsis mutants
Plants were grown on potting soil at 21°C with 16 h of light with 75% relative humidity,
and harvested at age 3-8 weeks. DNA isolation was conducted using a DNeasy kit
(Qiagen) including treatment with Rnase (Qiagen). The genomes of mutants A to G
were sequenced by ServiceXS (Leiden). We delivered 3.4-3.9 µg gDNA per line and
sequencing was performed using an Illumina HiSeq2500 platform. For the remaining
mutants, DNA was quantified using the Qubit Flurometer with the dsDNA BR kit
(Invitrogen). Next, 300-1000 ng of gDNA was fragmented in 350bp fragments using
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the Covaris S2 system according to the manufacturers protocol (Covaris Inc). The
TruSeq DNA PCR-Free LT Library Preparation Kit (Illumina) was used according to
the manufacturer's protocol, unless stated otherwise. All amplified libraries where
quantitatively assessed with the Qubit Flurometer dsDNA HS kit (Invitrogen) and
qualitatively with the Bioanalyzer 2100 (Agilent) using HS DNA chips. 4 cycles of
PCR were done according to the TruSeq Nano DNA Library Prep Kit. Libraries were
pooled and sequenced at the Utrecht Sequencing Facility (www.utrecht-sequencingfacility.nl) using a HiSeq2000 or NextSeq500.
EMS mutation calling
The genome of both the parental line and each EMS mutagenized line were
sequenced at 30x whole genome coverage on an Illumina machine with PE 2x 100
bp. Fastq files were processed and compared using the NIKS pipeline with standard
settings (Nordström et al., 2013). From all reported mutations in the summary NIKS
output file, only EMS mutations were selected and used for further analysis. To locate
the origin of the EMS mutation within the genome the extended candidates from the
NIKS pipeline were aligned to the Col-0 genome sequence that was adjusted for
all Ler-0 polymorphisms (Gan et al., 2011) using Bowtie (Langmead et al., 2009)
with the following settings: -S, -n 3, -f. The SAM output file was converted based
on the NIKS summary to only report the single base genomic location of the EMS
mutation. This file was subsequently processed by HTSeq-count (Anders et al., 2015)
to determine the EMS mutations that are within the CDS of a gene and identify that
gene using the following settings: -m intersection, -strict, -t CDS, -stranded no, -i
gene_id. Subsequently the location of each EMS mutation within each CDS of a gene
was determined using a Col-0 GTF file, and an output file was generated reporting all
EMS mutations within a CDS and the resulting change in amino acid.
Backcrossing of mutants
Mutants were crossed to the parental line Ler eds1-2 dmr6-1 35S:DMR6 (M0) to
obtain BC1 plants. If possible, the mutant was used as pollen acceptor and M0 as
pollen donor, otherwise the cross was performed reciprocally. BC1 plants were selfpollinated to generate BC1S1 seeds, which were then again grown and self-pollinated
to obtain BC1S2 families.
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Supplemental data
Supplemental table 1. Used primers and their sequences.
name

sequence 5’→ 3’

p35S Fw

CGCACAATCCCACTATCCTT

t35S Rv

ACTGGTGATTTTTGCGGACT

odT18VN

TTTTTTTTTTTTTTTTTTVN

Act2 Fw

AATCACAGCACTTGCACCA

Act2 Rv

GAGGGAAGCAAGAATGGAAC

no119

GCAGAGTATTACAAGAAGTTTTGGAG

no120

CTGGTGATTTCAGCGTACCG

PR1 Fw

GGTTCCACCATTGTTACACCT

PR1 Rv

GAACACGTGCAATGGAGTTT

We kindly thank Kurt Lamour for providing P. capsici strain LT3112.
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Summarizing discussion
Despite the abundance of plant pathogens, plant disease is more often exception than
rule. Plants resist most attempted infections by several layers of defense. Pathogens
can be obstructed by physical barriers of the plant, as a first layer of defense. A
next level of defense occurs at the plant cell membrane where microbe-associated
molecular patterns (MAMPs), such as flagellin or chitin, trigger an immune response,
called MAMP-triggered immunity (MTI), through recognition by pattern recognition
receptors (PRRs). This leads to a signaling cascade via mitogen-activated protein
kinases (MAPK) and/or calcium-dependent protein kinases (CDPKs), resulting in an
immune response that includes the induction of defense genes, the production of
reactive oxygen species and nitric oxides, and cell wall reinforcement (Hein et al.,
2009; Nürnberger and Kemmerling, 2009). Adapted pathogens can overcome this
MTI with effectors that interact with defense-associated host proteins, leading to socalled effector triggered susceptibility (ETS). Plants, on their turn, can recognize these
effectors with intracellular nucleotide binding leucine-rich repeat proteins (NLRs),
leading to effector-triggered immunity (ETI) (Jones and Dangl, 2006). However,
resistance to adapted pathogen species is often rapidly broken by loss or mutation of
effector genes or suppression of ETI by newly evolved effectors.
The major defense pathways in Arabidopsis thaliana against biotrophic pathogens
involve the phytohormone salicylic acid (SA) that acts as a potent immune signal.
In Arabidopsis, SA can be produced from benzoate by the activity of phenylalanine
ammonia lyase (PAL), or from isochorismate through two reactions catalyzed by
isochorismate synthases (ICSs) and isopyruvate lyase (IPL). In Arabidopsis, the
gene encoding for this IPL protein has not been identified (Chen et al., 2009).
Upon pathogen perception SA is mainly produced via the ICS1-mediated route. SA
accumulation causes a redox reaction which reduces polymers of NON-EXPRESSOR
OF PATHOGENESIS-RELATED GENES 1 (NPR1) to NPR1 monomers. These
monomers move from the cytoplasm to the nucleus and activate transcription of a
range of defense genes, e.g. the PATHOGENESIS RELATED PROTEIN 1 (PR1)
gene (reviewed by Pieterse and Van Loon, 2004).
DOWNY MILDEW RESISTANT 6 is a negative regulator of defense
We previously discovered that a mutation leading to a premature stop codon, as
well as T-DNA insertions, in the DOWNY MILDEW RESISTANT 6 (DMR6) gene
lead to enhanced resistance to the obligate biotrophic oomycete Hyaloperonospora
arabidopsidis (Hpa) (Van Damme et al., 2005, 2008; Zeilmaker et al., 2015). dmr6
mutants are also resistant to the bacterial pathogen Pseudomonas syringae pv
tomato DC3000 (Pst), to the fungal pathogen Colletotrichum higginsianum and the
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hemi-biotrophic oomycete Phytophthora capsici. Overexpression of DMR6, however,
renders Arabidopsis enhanced susceptible to Hpa, Pst and P. capsici, suggesting
that DMR6 negatively regulates defense. Expression of the defense-related genes
PR1, PR2 and PR5 is upregulated in the dmr6 mutant and downregulated in plants
overexpressing DMR6, confirming a role of DMR6 as a negative regulator of plant
immunity (Chapter 2, Zeilmaker et al., 2015).
DMR6 and DMR6-LIKE OXYGENASE 1 are partially redundant
DMR6 encodes a 2-oxoglutarate-Fe(II) dependent oxygenase (2OG oxygenase).
Phylogenetic analysis of 2OG oxygenases in Arabidopsis and 18 other flowering
plant species showed that DMR6 is related to two other Arabidopsis proteins from
a neighboring clade, that we named DMR6-LIKE OXYGENASE 1 (DLO1) and 2
(DLO2). We found that both overexpression of DLO1 and DLO2 can complement
the resistant phenotype of the dmr6 mutant, indicating that they might have a similar
function as DMR6. The expression of DLO1, but not DLO2, is co-regulated with
DMR6 expression. Expression of DLO1 and DMR6 is induced during pathogen
infection and upon treatment with SA. Other tested Arabidopsis 2OG oxygenases
cannot complement the dmr6 resistance phenotype. dlo1 mutant plants also show
moderate resistance to Hpa, but to a lesser extent than the dmr6-3 mutant. A dmr6-3
dlo1 double mutant is even more resistant than dmr6-3, indicating partial redundancy
between DMR6 and DLO1. Increased SA levels are the cause of this resistance, as
the dmr6-3 dlo1 sid2-1 triple mutant was less resistant than the dmr6-3 dlo1 double
mutant. The sid2-1 (ics1) mutant only has 5-10% of pathogen-induced SA compared
to wild type plants. This effect could also be seen phenotypically at the whole plant
level. Whereas dmr6-3 dlo1 double mutants had a very small growth phenotype (due
to high SA levels), the dmr6-3 dlo1 sid2-1 mutants grew normally and were only
slightly smaller than the wild type Col-0.

5

Localization of DMR6 and DLO1 expression determines the difference in resistance
of dmr6 and dlo1 mutant plants
The question that arose is why Arabidopsis contains both a DMR6 and DLO1 gene,
if they can take over each other’s function? Using transgenic lines carrying the GUS
gene under control of the DMR6 or DLO1 promoter, we saw a difference in spatial
expression between DMR6 and DLO1. Whereas DMR6 is expressed in cells that
are in contact with, or neighboring Hpa, DLO1 is expressed in and near the vascular
tissue in Hpa-infected leaves. Hpa infection on transgenic plants with DLO1 expressed
under the DMR6 promoter and vice versa, showed that mainly the localization of
expression, determined by the promoter, is responsible for the difference in activity
between DLO1 and DMR6. The transgenic lines also contained a GFP gene fused
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to the promoter and CDS of DMR6 and DLO1. Unfortunately, these C-terminal GFPmarker lines showed autofluorescence at infection sites, so the localization of the
expression could not be confirmed by microscopy.
We speculate that, in the ancestor of all flowering plants, the DMR6 and DLO genes
have originated by gene duplication, followed by sub functionalization to result in
genes with a similar function but different localization of expression. A similar
phenomenon of differential expression patterns has been described for several
gibberellic acid (GA)-oxidases. It has been shown, for instance, that three of the five
GA 20-oxidases, GA20ox1 to 3, that catalyze the oxidation reaction from C20-GA
to C19-GA, a precursor of bioactive GA, show different tissue-specific expression
(Rieu et al., 2008a). GA20ox1 is mainly expressed in stems, GA20ox2 in flowers
and siliques, and GA20ox3 only in siliques (Rieu et al., 2008b). Although these three
genes have the same molecular function, they show a different expression pattern
that contributes to organ-specific GA biosynthesis.
DLO1 mediates SA 3-hydroxylation and DMR6 SA 5-hydroxylation
In a search for the function of an early senescence-induced gene SAG108, Zhang
et al. (2013) discovered that DLO1 encodes an SA 3-hydroxylase (named S3H).
DLO1 (S3H) hydroxylates SA at the 3-position, with 2,3-dihydroxybenzoic acid (2,3DHBA) as product. The dlo1 (s3h) mutant showed early senescence, whereas plants
overexpressing DLO1 showed delayed and prolonged senescence (Zhang et al.,
2013). We also observed this delayed and prolonged senescence in our DMR6overexpressing plants. We hypothesized that DMR6 might have a similar function as
DLO1, also as an SA-hydroxylase. Plant metabolite analysis showed that DMR6 is
likely to be an SA 5-hydroxylase, catalyzing the oxygenation of SA to form 2,5-DHBA.
Overexpression lines of DMR6 showed virtually no SA and SA-2-O-glucoside (SAG),
but had very high levels of 2,5-DHBA pentoside and 2,5-DHBA hexoside. Free 2,5DHBA levels were below the detection limit, indicating that sugar groups are quickly
added after the hydroxylation of SA. Overexpression of DLO1 also showed low levels
of SA(G), but instead had high levels of 2,3-DHBA glycoconjugates. The dmr6-3 and
dlo1 mutants, in contrast, showed accumulation of SA(G) and low levels of 2,5- and
2,3-DHBA glycoconjugates, respectively. Untargeted metabolite analysis showed low
levels of other defense-related metabolites in plants that overexpress DMR6. These
low levels are probably caused by depletion of SA(G) caused by DMR6. The low
levels of SA(G) are probably also the cause why plants that overexpress DMR6 or
DLO1 do not show any systemic acquired resistance (SAR).
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A conserved amino acid in the predicted substrate-binding pocket is not crucial for
the position of hydroxylation on the aromatic ring of SA

5

Our data clearly indicate that DMR6 and DLO1 both hydroxylate SA, on the 5- and
3-position, respectively. We hypothesize that this difference in positioning of the
hydroxyl-group could be due to a difference in the substrate-binding pockets of DMR6
and DLO1. To investigate this, we looked at the crystal structure of the Arabidopsis
anthocyanidin synthase (ANS) (Wilmouth et al., 2002). Three aromatic amino acid
residues in ANS are in close contact with dihydro-quercetin, a substrate of ANS; Y142,
F144 and F304. F304 is conserved in both DMR6 and DLO1. The F144 corresponds
with DMR6 R128 and DLO1 R137, which proved to be an essential amino acid for
DMR6 functioning (Zeilmaker, 2012). Y142 and F144 are located on the 8 amino acid
long beta sheet β4. Phylogenetic analysis showed that in all tested DMR6 orthologs
there is a tyrosine at the position corresponding to Y142, whereas DLO1 and most
of its orthologs carry a phenylalanine at this position. We hypothesized that this Y/F
difference between DMR6 and DLO1 in the predicted substrate pocket could be the
reason why DMR6 hydroxylates SA at the 5-position, whereas DLO1 hydroxylates
at the 3-position. A structural model was made using ANS as a template, and SA
could be modeled into the substrate pocket, together with iron and 2-oxoglutarate. SA
could be positioned in two orientations, both in DMR6 and DLO1, but based on the
energy levels there was no preference for either orientation. Transgenic lines carrying
site-directed mutagenized constructs with an Y/F swap, showed that DMR6Y126F still
hydroxylates SA at the 5-position and DLO1F135Y at the 3-position. We are currently
working on a new model, also using different 2OG oxygenases as a template. Several
new crystal structures of 2OG oxygenases have become available since our last
modeling, for instance that of the Arabidopsis F6’H1 protein that is involved in the
biosynthesis of the coumarin scopoletin (Sun et al., 2015). Strikingly, the same Y/F
swap was made in F6’H1 and shown to only result in a minor reduction in activity,
similar to what we observed for DMR6. With the newly available structures we want to
improve the DMR6 and DLO1 models allowing to position SA in the substrate-binding
pocket to determine which amino acids are crucial for the hydroxylation of SA on
either the 5- or the 3-position.
DMR6 and DLO1 control SA levels to balance of Arabidopsis energy levels
It seems counter-intuitive that plants have negative regulators of defense. DMR6 and
DLO1 are both upregulated upon pathogen infection and by SA and the encoded
proteins then lower levels of SA by hydroxylation, while the accumulating SA is needed
for defense signaling upon attack by biotrophic pathogens. We hypothesize that in wild
type plants, DMR6 and DLO1 prevent over-activation of defense, thereby retaining
energy for growth. Both DMR6 and DLO1 become activated following infection and
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therefore lag behind the SA production. This allows the initial SA accumulation to
occur and to trigger effective plant defense. When DMR6 and DLO1 are induced, the
encoded enzymes can modulate SA levels back to basal levels, thereby controlling
the amplitude and duration of the immune response. In dmr6, dlo1 and dmr6-3 dlo1
mutant plants, there is accumulation of SA, leading to enhanced defense responses
and immunity. The trade-off between defense and growth is clearly seen in the drm63 dlo1 double mutant that has a dwarf phenotype. In plants overexpressing DMR6 or
DLO1, there is constitutive negative regulation of defense, leading to low levels of SA
and strongly reduced defense responses (Fig. 1).

Figure 1. Model for negative regulation of defense by DMR6 and DLO1. Left: in wild type Arabidopsis
DMR6 and DLO1 are activated upon pathogen infection and then negatively regulate defense by
hydroxylation of SA. Middle: in dmr6, dlo1 and dmr6 dlo1 mutant plants this negative regulation is
blocked, leading to enhanced accumulation of SA and subsequent activation of defense. Right: in plants
overexpressing (OX) DMR6 or DLO1 SA is depleted because of constitutive hydroxylation, leading to
reduced SA levels, low defense defense responses, and therefore hypersusceptibility.

The role of 2,3- and 2,5-DHBA in plants is unknown
In Arabidopsis and other plant species SA is quickly metabolized to SA 2-O-βglucoside (SAG), which has been reported to be a storage form of SA (Dean and
Delaney, 2008). Several other SA-derivatives are also important in plant defense.
Methyl-SA (MeSA) for instance, is known to act as a systemic defense signal in
tobacco (Wildermuth, 2006). The role of DHBAs in Arabidopsis, however, is unclear.
Formation of 2,3-DHBA depends on ENHANCE DISEASE SUSCEPTIBILITY1
(EDS1), as in eds1 mutant plants no 2,3-DHBA or its conjugates, could be detected.
Total 2,5-DHBA could be measured in eds1 mutant plants, although its levels were
lower than in wild type plants (Bartsch et al., 2010). This could indicate that the
production of 2,5-DHBA is also (partially) dependent on EDS1, or the low levels of
2,5-DHBA are due to reduced levels of SA in the eds1 mutant. EDS1 could also affect
the expression of DMR6 and DLO1 and thereby influence the formation of DHBA. In
mammals and bacteria, 2,5-DHBA and 2,3-DHBA have been shown to bind ferric
iron (Fe(III)), and are considered siderophores (Porwal et al., 2015; López-Goñi et
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al., 1992). In plants, the glycoconjugated forms of 2,3- and 2,5-DHBA are thought to
be transported to the vacuole, similar to SAG (Zhang et al., 2013). It is possible that
the 2,5-DHBA glycoconjugates store iron in the vacuole to prevent high iron levels in
the plant. However, in plants iron mainly exist in the ferrous (Fe(II)) form. It is therefore
questionable whether 2,3- and 2,5-DHBA in planta will also bind Fe(III). It could very
well be that the DHBAs are mere products of SA inactivation.
A DMR6 ortholog in maize catabolizes the flavanone naringenin to the flavone
apigenin

5

Recently, Falcone Ferreyra et al. (2015) found that a DMR6 ortholog in maize (Zea
mays), named FLAVONE SYNTHASE-1 (ZmFNS-1), hydroxylates the flavanone
naringenin to the flavone apigenin. Phylogenetic analysis showed that ZmFNS-1
clusters together with DMR6, while DLO1 and DLO2 are in a different cluster. Falcone
Ferreyra et al. (2015) found enhanced levels of apigenin in cauline leaves, which was
absent in dmr6-1 mutant plants. However, in rosette leaves they did not observe this.
Expression analysis showed high expression of DMR6 in cauline leaves compared
to the rosette leaves. They showed that overexpression of ZmFNS-1 in the dmr6-1
mutant restores susceptibility to Pst. Preliminary data of our lab also showed that these
overexpression lines are enhanced susceptible to Hpa, indicating that ZmFNS-1 could
have a similar function as DMR6. Falcone Ferreyra et al. (2015) also published that
recombinant DMR6 converts flavanones to flavones, but in another experiment, could
not catalyze SA. No positive control (for instance DLO1) was used in this experiment
with recombinant protein and SA as substrate, so this data is not convincing for stating
that DMR6 cannot hydroxylate SA. Furthermore it is remarkable that Falcone Ferreyra
focuses on the cauline leaves, since we clearly observed SA accumulation in rosette
leaves of dmr6 mutants, and 2,5-DHBA glycoconjugates in rosette leaves of plants
overexpressing DMR6. dmr6 resistance, due to accumulation of SA(G) is seen at all
stages of plant growth. Falcone Ferreyra speculates that accumulated levels of apigenin
inhibit SA production. In a preliminary experiment we treated the dmr6-3 mutant with
apiginenin, that according to Falcone Ferreyra is absent in dmr6 mutant plants. The
inhibition of SA production by apigenin should lead to low levels of SA, rendering dmr6
less resistant. Application of apigenin before and after inoculation with Hpa, however,
did not change the disease phenotype of Col-0 and dmr6-3. We also treated plants
with naringenin. According to the model of Falcone Ferreyra, this would be catabolized
to apigenin by DMR6, leading to high levels of apigenin. This would subsequently
cause inhibition of SA production, resulting in enhanced susceptibility of Col-0 plants.
Using different concentrations of naringenin, however, we did not observe enhanced
susceptibility. We hypothesize that recombinant DMR6 protein could possible turnover
several substrates, but that in vivo SA is the main substrate of DMR6.
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Negative regulators of defense used for crop resistance
As mentioned above, DMR6 and DLO1 are negative regulators of defense, one of
the two classes of so-called susceptibility genes (S genes). In general, S genes are
required for plant disease susceptibility, as they contribute positively to the infection
process. The other subgroup of S genes encodes so-called susceptibility factors.
S genes can be useful in resistance breeding in crops. A well-known example of
negative regulators of defense are the Mlo proteins, that were first found in barley
(encoded by the Mildew resistance locus o). Loss-of-function mlo alleles lead to broad
spectrum resistance to powdery mildew fungi in barley (Jørgensen, 1992; Büschges
et al., 1997), tomato (Bai et al., 2007), Arabidopsis (Consonni et al., 2006) and
other plant species. Interestingly, a pepper (Capsicum annuum) mlo mutant is also
resistant to the bacterial pathogen Xanthomonas campestris (Kim and Hwang, 2012).
mlo resistance has been effective for many years and was also found to be naturally
occurring in a Central American tomato accession (Bai et al., 2007). Research on
Arabidopsis S genes has great potential for application in crops. Silencing of tomato
orthologues of the Arabidopsis S genes POWDERY MILDEW RESISTANT 4 (PMR4)
and DOWNY MILDEW RESISTANT 1 (DMR1) rendered tomato plants enhanced
resistant to tomato powdery mildew (Huibers et al., 2013). Knock-out mutants
of DMR6 orthologs in spinach and lettuce showed enhanced resistance to downy
mildew (Posthuma et al., unpublished). Since dmr6 mutants are also resistant to P.
capsici, knocking out DMR6 in cucurbits and solanaceous plants might also render
them enhanced resistant to this devastating pathogen.
P. capsici resistant mutants
To date, other than DMR6, no S genes are known to be involved in P. capsici infection
and resulting blight disease. To search for new S genes required for susceptibility
to P. capsici, we performed an ethyl methanesulfonate (EMS) screen using the
Arabidopsis line Ler eds1-2 dmr6-1 35S:DMR6 (M0). Using this highly susceptible
line, we intended to reduce the number of false positive resistant mutants. However,
most of the putative mutants from the M2 generation did not prove to be resistant
in the following generations (M3, M4). The high susceptibility of our M0 line also
caused other infections, that resulted in the loss of some putative P. capsici-resistant
mutants. After multiple rounds of disease assays, on several generations of plants,
we selected 39 mutants that proved to be reproducibly resistant. Two lines, however,
showed to have a dominant mutation as the resistance segregated in the M3 and
M4 generation. As we were looking for recessive mutants, we did not continue with
these two mutants. We sequenced the 35S:DMR6 transgene of all resistant mutants
to see if the transgene was mutated. In five mutants the transgene was mutated, two
mutants had a premature stop codon and three mutants had amino acid substitutions
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(G63E, S110L, S112N). These five mutants had a dmr6-1 resistance phenotype and
we reasoned the mutations in the transgene are the cause of the resistance so we
discontinued with these mutants. We are currently making a new protein model of
DMR6 and we hope to see whether these amino acids could be involved in substrate
binding or if they have an important structural role. We continued our research with
the remaining 32 mutants.
For 23 of the 32 mutants the expression of the DMR6 transgene was determined by
qPCR, as low expression would lead to a dmr6-1 phenotype. One mutant had very
low expression of DMR6, but resistant backcross lines of this mutant had similar
expression levels to the parental line. Apparently the low expression of DMR6 was due
to other mutations that were lost by backcrossing of the mutant. Of nine mutants the
expression levels could not be determined since we did not have any plant material
left of these mutants at the time of writing. We plan to check the expression levels of
the DMR6 transgene in backcrossed populations.

5

P. capsici resistance in the mutants could also be caused by constitutive activation
of plant defense. We therefore looked at the expression of the defense gene
PATHOGENESIS RELATED GENE 1 (PR1). PR1 is a commonly used marker gene
for SA-induced defense responses. Our tested mutants showed increased PR1
expression compared to the parental line, but we have to keep in mind that PR1
levels in M0 were extremely low. Six mutants showed even higher PR1 expression
than the dmr6-1 mutant, that has enhanced levels of PR1 expression. However, in
this experiment the PR1 expression in dmr6-1 was not very high, so to confirm this
the experiment should be repeated. The high levels of PR1 expression could indicate
that our mutants are defense-up mutants. None of the mutants showed reproducible
resistance to Hpa though, which contradicts this idea. Most of our resistant mutants
showed a smaller or dwarfed phenotype, which could also point to constitutive
activation of defense. However, backcrossing of most of the mutants resulted in a
growth phenotype that is more similar to the parental line, which also suggests that
the mutants do not have constitutive defense levels.
Genome sequencing identifies many candidate mutated genes
The output of the whole genome sequencing data of the P. capsici-resistant mutants
was compared to sequences of the M0 line, and EMS mutations (G/C to A/T) were
selected. The output was then aligned to Col-0 (adjusted for Ler polymorphisms) and
mutations within the coding sequence (CDS) were selected. Mutations in promoters
or other regulatory sequences would be missed using this approach, but we decided
to focus on mutations in the protein-coding regions. The number of genes with a
non-synonymous mutation ranged from 98 to 259 per mutant. Several genes were
found to be mutated in more than one mutant. This amount was higher than expected
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by chance. Looking at the molecular weight (MW) of the proteins encoded by these
mutated genes, however, showed that their average MW was higher than the average
Arabidopsis protein MW, enlarging the chance of being mutated. Because of the
large amount of mutated genes, choices had to be made on which genes to pursue.
A shortlist was made of genes that were mutated in three or more mutants, hoping
that the causal mutation would be allelic between multiple mutants. This shortlist
now consists of 85 candidate genes, which is still too much to all pursue. Additional
selection criteria should thus be included. We focus on genes that are likely to
be involved in defense, but by this selection the causal gene(s) might be missed.
Sequencing of pooled resistant BC1S2 plants of a mutant diminished the amount
of non-synonymous mutations in that mutant from 177 to 31, of which only 15 genes
overlap with mutated genes in the original mutant. This approach could thus be used
to diminish the amount of candidate genes. Crossing mutants to see if they are allelic,
could also narrow down the amount of candidate genes, but this approach is timeconsuming. We found two mutants that originate from the same M1 plant, but they still
have 93 overlapping mutated genes.
Validation of candidate genes
Because we could not perform segregation analysis of BC1S1 plants, plants
were grown to the next generation and we screened BC1S2 families. If a causal
mutation is recessive, the resistance should segregate 1:2:1 (homozygous mutant
: heterozygous : homozygous wild type) in the BC1S1 generation. In the BC1S2
families we expect around 25% of families to show full resistance (derived from a
homozygous mutant BC1S1), 50% with a segregating resistance phenotype (derived
from a heterozygous mutant BC1S1) and 25% of families to be fully susceptible
(derived from a homozygous wild type BC1S1). In the performed disease assays
the segregation was not as predicted, but disease scores showed a gradual slope
from susceptible as M0, to resistant as dmr6-1. The disease assays were variable
and multiple assays were needed to distinguish fully resistant and fully susceptible
populations. The approach we are currently using is to verify whether resistant BC1S2
populations are homozygous for the candidate mutation. If resistant populations have
a homozygous mutation and susceptible populations have a heterozygous mutation or
are homozygous wild type we continue with this candidate gene. The variable disease
assays, however, could lead to selecting the wrong populations for this validation.
Follow-up validation can be done by complementing the mutant with an intact version
of the candidate gene. Another approach that can be taken is to investigate if plants
with T-DNA insertions in the candidate gene are enhanced resistant to P. capsici.
Using this approach, we encountered the problem that Col-0, which is the background
of most T-DNA insertion lines, in our experiments is always resistant to P. capsici at
the seedling stage when spray-inoculated with zoospores. Using adult Col-0 plants,
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that we infected with agar plugs containing P. capsici, we did see disease symptoms.
However, we have not yet validated whether all our mutants are resistant at the adult
stage. Preliminary experiments with a subset of mutants showed that they are less
resistant at the adult stage then at the seedling stage. Disease assays on adult BC1S2
plants have not yet been performed. BC1S2 plants might be more resistant than the
original mutants, which carry more EMS mutations than the backcrossed lines. The
ongoing analysis is intended to reveal the identity of new susceptibility genes to P.
capsici that can be used as leads for resistance breeding.
Genome editing for future mutational resistance breeding
In plant breeding, random mutagenesis has been applied for decades. With modern
sequencing methods it is now efficient to search for mutated forms of genes of interest,
which is an adaptation to the original TILLING procedure that was based on nuclease
sensitivity to detect mutations (Till, 2003). For TILLING, the most common method
of chemical mutagenesis of plants is by EMS. This mutagen leads to G/C to A/T
transitions in the genome (reviewed by Henikoff and Comai, 2003). This mutation
method is of interest to the industry, as the resulting plant lines are non-transgenic.
This approach was successful in many crops already, for instance in tomato where
virus-resistant lines were selected based on mutation of eIF4E (Rigola et al., 2009). A
disadvantage of the method is that not all types of mutations are generated by random
mutagenesis and that many other mutations arise in the genome. As we have seen
in the P. capsici screen, in each mutant approximately 100-260 genes carried a nonsynonymous mutation in the CDS (Chapter 4).

5

In the last decade, more precise methods for making small changes in genomes have
been developed and are referred to as genome editing technologies. The promise
of these technologies is high precision and low frequency of off-target effects, which
would make them superior over random mutagenesis techniques. The genome editing
technologies with the greatest potential make use of sequence specific nucleases
(SSNs) to knock-out genes or generate desired new variants. Following the generation
of a double strand break (DSB) at a chosen position in the genome, methods of DNA
repair can be distinguished that can be used for different purposes. The first variant
makes use of non-homologous end-joining (NHEJ), which is a major non-template
repair mechanism, which results in most cases in small deletions or insertions at the
DSB that often lead to knock-out mutations in genes. The second variant requires a DNA
template for repair of DNA at the DSB and makes use of homologous recombination
(HR) (both variants reviewed by Knoll et al., 2014). The great application of SSN
combined with HR is that new variants of genes, for instance resulting in an amino acid
substitution, can be introduced at the correct genomic DNA position using a template
DNA with the desired sequence flanked by homologous sequences for HR.
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Two genome editing technologies make use of the FokI endonuclease for making a
DSB. To get the nuclease at the correct genomic location one can make use of DNAbinding domains of zinc-finger proteins or transcription activator-like effectors (TALE)
(Reviewed by Carroll, 2011; Sprink et al., 2015; Carroll, 2014). The FokI enzyme
makes a DSB where two monomers of the protein form an active dimer nuclease.
The sequence-specific DNA-binding domains are fused to the FokI enzyme so that
a nuclease is positioned on each strand of the desired point mutation, resulting in
a DSB at that position (Kim et al., 1996). Many examples of successful mutation of
plant genes using these nucleases have been published (reviewed by Baltes and
Voytas, 2015).
The recent CRISPR/Cas9 revolution has now led to an explosion of the field of
genome editing (Ledford, 2016). The CRISPR/Cas9 system is based on a prokaryotic
immune system that bacteria use to fend off invasive phages or other forms of foreign
DNA (Doudna and Charpentier, 2014). The big advantage of CRISPR/Cas9 is
that sequence-specificity is obtained by making use of a guide RNA instead of a
proteinaceous DNA binding domain. The guide RNA brings the Cas9 endonuclease
to the designed location on the genomic DNA to make a DSB that can be repaired
by NHEJ or HR. CRISPR/Cas9 has been used in plants, both on model organisms
and crop plants (Belhaj et al., 2015). The method seems ideally suited to knock-out
susceptibility genes in plants to breed a new generation of disease resistant crops
(Schaart et al., 2015). Whether or not genome-edited crops will be seen as geneticallymodified organisms (GMOs) or not has to await the regulatory process (Wolt et al.,
2016). In April 2016, however, the USDA approved mushrooms that are modified by
CRISPR/Cas9 as non-GMOs, which seems promising for other crops (http://www.
nature.com/news/gene-edited-crispr-mushroom-escapes-us-regulation-1.19754). As
the genome-edited mutations cannot be distinguished from those found in nature
or obtained by random mutagenesis one would argue for more relaxed regulation,
so that this promising technology can be used to create disease resistance in many
different crops. In this way, many of the fundamental discoveries on susceptibility and
resistance to pathogen infection in Arabidopsis could be translated to crops for future
food security and sustainable agriculture.
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Summary
Plants are under constant attack by pathogens, but successful infections are more
exception than rule. Plants use their defense system, consisting of multiple layers, to
fend off many attackers. On the other hand, they also contain so-called susceptibility
genes (S genes), that facilitate or support the infection process. Impairment of S
genes can lead to loss of susceptibility. Two groups of S gene-encoded proteins
can be distinguished: negative regulators of defense and susceptibility factors.
Susceptibility factors can facilitate the infection process by (i) attraction and attachment
of the pathogen to the host, (ii) accommodation of specialized infection and feeding
structures inside plant cells or (iii) nutrient production and transport from host to
pathogen. DOWNY MILDEW RESISTANT 6 (DMR6) and its paralog DMR6-LIKE
OXYGENASE 1 (DLO1) belong to the group of negative regulators of defense. dmr6
and dlo1 mutants are enhanced resistant to the downy mildew causing oomycete
pathogen Hyaloperonospora arabidopsidis (Hpa) which is due to their increased
levels of salicylic acid (SA). A dmr6-3 dlo1 double mutant shows much higher levels
of SA than the single mutants, indicating partial redundancy between DMR6 and
DLO1. DMR6 and DLO1 differ in their spatial expression pattern in downy mildewinfected Arabidopsis leaves; DMR6 is mostly expressed in cells that are in contact
with hyphae and haustoria of H. arabidopsidis, while DLO1 is expressed mainly in the
vascular tissues near infection sites. We conclude that DMR6 and DLO1 redundantly
suppress plant immunity, but also have distinct activities as a result of their differential
localization of expression.
Plant metabolite analysis showed that DMR6 and DLO1 hydroxylate SA at the 5- and
3-position of the aromatic ring of this phenolic acid, respectively. While dmr6 and
dlo1 mutant plants accumulate SA, overexpression lines of DMR6 and DLO1 have
reduced levels of SA, but high levels of the enzyme products 2,5- and 2,3-dihydroxy
benzoic acid (DHBA), respectively. One amino acid in the otherwise conserved
proposed substrate-binding pocket differs between DMR6 (Tyr) and DLO1 (Phe), and
their respective orthologs. However, this amino acid difference appeared not to be
responsible for the difference in position of hydroxylation on the aromatic ring of SA
mediated by DMR6 and DLO1. The difference in biological activity between DMR6
and DLO1 seems mostly determined by their promoters and not by the products of
their enzymatic activity. We conclude that DMR6 and DLO1 control activated plant
immunity by lowering SA levels through hydroxylation.
In a second research line, described in this thesis, we searched for novel susceptibility
genes, required for infection of Arabidopsis with the oomycete pathogen Phytophthora
capsici. Screening of EMS-mutagenized plants, in a highly susceptible genetic
background, led to the identification of 32 P. capsici-resistant mutants. The genomes
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of the mutants were sequenced and analyzed to detect recessive mutations in the
coding sequences of all Arabidopsis genes. When focusing on non-synonymous
mutations in coding sequences, we identified 98-259 mutated genes per mutant. A
shortlist was made with candidate genes that were mutated in three or more mutants.
Validation of the candidate genes is currently being performed by sequencing the
corresponding mutations in resistant plants of BC1S2 populations. The resulting
candidate Arabidopsis S genes will form the basis for translational research to obtain
disease resistant crops. The application of S genes in resistance breeding has the
potential to contribute to future food security and sustainable agriculture.
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Planten worden continu aangevallen door ziekteverwekkers, maar een succesvolle
infectie is vaker uitzondering dan regel. Ze gebruiken hun immuunsysteem, dat
bestaat uit meerdere lagen, om vele ziekteverwekkers af te weren. Aan de andere
kant hebben planten ook zogeheten vatbaarheidsgenen (S genen), die de infectie
faciliteren of ondersteunen. Als S genen niet goed functioneren, kan dit leiden tot
verminderde vatbaarheid. S gen-gecodeerde eiwitten kunnen worden onderverdeeld
in twee groepen: negatieve regulatoren van de afweer en vatbaarheidsfactoren.
Vatbaarheidsfactoren kunnen het infectieproces vergemakkelijken door (i) het
aantrekken en laten hechten van de ziekteverwekker aan de plant, (ii) het tot stand
brengen van gespecialiseerde infectie- en voedingsstructuren in de plant of (iii) de
productie en het transport van nutriënten van de gastheer naar de ziekteverwekker.
DOWNY MILDEW RESISTANT 6 (DMR6) en zijn paraloog DMR6-LIKE OXYGENASE
1 (DLO1) behoren beide tot de groep van negatieve regulatoren van de afweer. dmr6
en dlo1 mutanten zijn verhoogd resistent tegen de valse meeldauw veroorzakende
oomyceet Hyaloperonospora arabidopsidis en dit komt door verhoogde niveaus
van salicylzuur in deze planten. Een dmr6-3 dlo1 dubbelmutant heeft een sterk
verhoogd niveau van salicylzuur vergeleken met de enkelmutanten, wat wijst op
redundantie tussen DMR6 en DLO1. De DMR6 en DLO1 genen verschillen wat
betreft hun lokalisatie van expressie in geïnfecteerde bladeren van de Arabidopsis
plant. DMR6 komt vooral tot expressie in cellen die in contact zijn met de hyfen en
voedingsstructuren van H. arabidopsidis, terwijl DLO1 vooral tot expressie komt in het
vaatstelsel in de buurt van de infectie. We concluderen dat DMR6 en DLO1 op een
redundante wijze de plantenafweer onderdrukken, maar dat hun activiteit verschilt
door de locatie van hun expressie.
Metabolietanalyse van plantenmateriaal toonde aan dat DMR6 en DLO1 salicylzuur
hydroxyleren op respectievelijk de 5- en 3-positie van de aromatische ring van dit
fenolzuur. In dmr6 en dlo1 gemuteerde planten is er accumulatie van salicylzuur,
terwijl overexpressielijnen van DMR6 en DLO1 juist verminderde salicylzuurniveaus
hebben en verhoogde niveaus van de respectievelijke enzymproducten 2,5- en
2,3-dihydroxybenzoëzuur (DHBA). In het gebied waar volgens verwachting het
substraat bindt, verschilt één aminozuur tussen DMR6 (Tyr) en DLO1 (Phe) en hun
respectievelijke orthologen, terwijl het gebied verder geconserveerd is. Dit verschil in
aminozuur bleek niet verantwoordelijk voor het verschil in de plaats op de aromatische
ring waar DMR6 en DLO1 salicylzuur hydroxyleren. Het verschil in de biologische
activiteit tussen DMR6 en DLO1 lijkt vooral bepaald te worden door hun promotoren
en niet door de producten van hun enzymactiviteit. We concluderen dat DMR6 en
DLO1 de geactiveerde afweer van planten onder controle houden door het verlagen
van de hoeveelheid salicylzuur door het hydroxyleren hiervan.
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In een tweede onderzoekslijn die ik beschrijf in dit proefschrift, heb ik gezocht naar
nieuwe vatbaarheidsgenen, die nodig zijn voor de infectie van Arabidopsis planten
door de oomyceet ziekteverwekker Phytophthora capsici. Het screenen van planten
die gemuteerd waren door EMS, in een zeer vatbare achtergrond, leidde tot de
identificatie van 32 mutanten die resistent zijn tegen P. capsici. De DNA-sequentie van
het genoom van elk van deze mutanten is bepaald en geanalyseerd om recessieve
mutaties in de coderende sequenties van alle Arabidopsis genen te vinden. Als
we alleen kijken naar de mutaties die leiden tot een aminozuurverandering, zijn er
per mutant 98-259 gemuteerde genen gevonden. Ik heb een selectie gemaakt van
kandidaatgenen die gemuteerd zijn in drie of meer mutanten. In nu lopend onderzoek
worden de kandidaatgenen gevalideerd door de DNA sequenties van de betreffende
genen te bepalen en te kijken of de mutatie voorkomt in resistente BC1S2 families. De
uiteindelijke kandidaat-vatbaarheidsgenen kunnen de basis vormen voor toepassing
in gewassen, om deze resistent te maken tegen ziekteverwekkers. Het gebruik van
vatbaarheidsgenen bij het veredelen van resistente gewassen kan bijdragen aan een
duurzamere landbouw en aan het veiligstellen van voedsel in de toekomst.
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En daar is het dan toch, mijn boekje. De laatste drie jaren heb ik denk ik dagelijks
getwijfeld of ik nou door moest gaan met mijn promotieonderzoek of niet. Wil ik niet
wat meer genieten van de tijd die nog resteert? Maar ik ging toch elke keer maar
door en des te langer je doorgaat, des te meer zonde het is om nog te stoppen... Het
was echter niet gelukt zonder jullie! Mocht ik je vergeten zijn in dit dankwoord, dan bij
dezen alsnog: bedankt!
Guido, veel dank voor je eeuwige geduld en begrip, je motiverende woorden en
de doos tissues die altijd voor me klaarstond. Vooral in de laatste fase van mijn
promotietraject heb je me keihard geholpen en gesteund, en waar zouden we geweest
zijn zonder de Hangouts, ’s ochtends vroeg en ’s avonds laat?
Corné, door je mooie verhalen en lullige opmerkingen voelde ik me meteen thuis bij
PMI. Ik waardeer het erg dat je je als prof altijd tussen het gepeupel mengt tijdens de
pauzes en bij de borrels met een glaasje (of –doe eens gek- twee!) cola light. Dank
voor het kommaneuken van/in/bij mijn manuscript.
Anneke, bij mij kan je geen getuige zijn, maar dan maar paranimf. Bijzonder dat ik
dit bedacht op de dag dat je mij als getuige vroeg voor je huwelijk. Al een jaar of 23
vriendinnen, en daarvan zat regelmatig een van ons (of wij allebei) aan de andere
kant van de wereld. Ook al liet je in 4 VWO het vak biologie al vallen, hopelijk snap je
toch wat van mijn onderzoek. Ik hoop dat ik ook als jullie wederom aan de andere kant
van de wereld wonen, nog een keer langs kan komen bij Adam, jou en de kinderen
voor speciaalbier en een spelletje.
Lotte (of was het nou Nora?), ik ben blij dat ik je niet heb afgeschrikt van PMI toen
je als student een hele middag met mij zaailingen mocht verpotten. Het is heerlijk
om altijd samen te kunnen klagen over iedereen die rotzooi maakt in het lab, en ook
verder ongeveer alles te kunnen delen. De biertjes samen waren altijd gezellig, in
het Griftpark, maar zeker in Wenen en op Werchter! Dank ook voor het zijn van mijn
paranimf, al je hulp bij het regelen van alle promotiezaken, het goedkeuren van mijn
jurk en de voorkant van mijn boekje en het overnemen van de JOXen, wat toch tot
een mooi resultaat heeft geleid.
Roeland, fijn dat ik intrek mocht nemen in de jungle room. En dat we later samen
verhuisd zijn naar ons IKEA kantoor. Dank voor je steun en de arm om me heen als ik
weer eens zat te janken omdat ik twijfelde om toch maar te stoppen. Jouw boekje was
altijd een goed voorbeeld. En chapeau dat je met NoraFest toch eens een geheim
hebt kunnen bewaren!
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Chiel, ook met jou was het altijd fijn klagen en kletsen. Gezellig ook dat we een beetje
dezelfde werktijden hadden (en ook daar over konden klagen). De bezoekjes aan
Toulouse waren erg leuk en ook onze Road(os)-trip was tof. Volgende keer maar wel
twee bedden aanvragen bij de hotelreservering.
Dieuw, met jou is de traditionele kerstborrel ontstaan. Al zes kerstmissen nu! Gelukkig
ben jij wel zo wijs om af en toe een ice tea te nemen. Ons bezoek aan jou in Norwich
was legendarisch, ik denk er nog regelmatig lachend aan terug.
Pim, waarom heb je ons toch verlaten? Dank voor al je hulp op mijn EMS project, de
bakkies op het balkon, de altijd slechte maar toch leuke grappen. De vele biertjes die
tot prachtige verhalen leidden en daarna de 0% biertjes waarmee het toch ook heel
gezellig was.
Bij elkaar: Roeland, Chiel, Dieuw en Pim. Wat een onvergetelijke reisjes naar Norwich
en Toulouse hebben we gemaakt. Lekker met z’n vijven in onze Toyota en daarna was
de nachtboot een hele ervaring, zeker met de inhoud van mijn tas die op moest….
Buikpijn van het lachen, zo’n beetje het hele weekend. En vergeleken bij al die Britten
waren we echt supernuchter!
Joyce, dank voor al je hulp, zowel in het lab als bij het nadenken over alle (rare)
resultaten. Jij wist, zeker in het begin, vaak meer over het DMR6-project dan ik. En
voor ik er over na kon denken had jij al weer zaadjes uitgezaaid voor volgend een
experiment. Hartstikke fijn dat je weer terug bent op het DMR project!
Nicole, Dongping, Miek, Joel en Marcel, dank voor jullie bijdragen aan het EMS project!!
Zonder jullie hulp in het lab en achter de computer was hoofdstuk 4 er nooit geweest.
Irene, het was leuk om met jou PMI-activiteiten te organiseren, ik ben niet gewend
dat mensen zo pro-actief zijn, erg fijn. En ondanks de geluidsblockers in de koffiehoek
schalt je gelach over de gang, maar stiekem is dat toch ook wel gezellig.
Merel, Ivan, Richard and Tom thanks for the outside -of-work borrels/beer moments!
Peter, Colette, Anja, Ronnie, Erqin, Manon, Alexandra, Hans, Marciel, SilviaP, Marco,
Nicole, Juan, Hao, 50% Sarah, Giannis, Pauline, Eline, Saskia, Ke, Yeling, Paul,
Ainhoa, Christos, Stan, Dmitry, SilviaC, Mercedes, Hamid, Tieme and Joost… Thanks
for the fun coffee breaks/borrels/outings/help in the lab.
Also thanks to the EvP-colleagues for all the cookies (it’s always wise to stay until your
coffee break starts ;-) ), borrels, lots of laughter and parties at Tivoli.
Marleen, je woont al zo lang in het buitenland, maar altijd als we elkaar zien is het
alsof we elkaar de week ervoor nog spraken. De jaarlijkse bezoekjes aan Stockholm
gaan hopelijk gewoon door! Dank voor al je blije en positieve berichtjes, kaartjes en
kadootjes als ik ze nodig had!
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HLO ladies, zo leuk dat we elkaar nog steeds op regelmatige basis zien, of het nou is
voor een potje Ticket of om als slaaf in de kelder pasta te maken. Weekendjes York,
Rome, Ameland eh Vlieland oh nee toch Schiermonnikoog en Midlaren, altijd met
stapels spelletjes en lekker eten. Laten we nog eens de wereld gaan redden! Fijn om
met jullie altijd alles te kunnen delen, incl. de labfrustraties!
WTWTA. Worst, roti, stoofvlees, bier, whisk(e)y, jägermeister, veel goede muziek en
plaatjes om te delen. Zelfs drie weken voor het afronden van mijn manuscript. Als
lachen echt gezond voor je is, waren het supergezonde weekenden in Zeewolde en
de Beekse Bergen. Karin, Hans, Carla, Roel en Jeroen, hopelijk volgen er nog wat
festivals samen.
Half Genoten, ons tweede lustrum qua weekendjes weg is al voorbij! Hopelijk volgen
er nog veel exquise weekendjes met kwijtgraakte brie, toastjes, pursors, mosterd in
borstharen, tapas uit de snackbar en vele (vurige) spelletjes.
HMID. De ouwelullen, dank voor de fijne zeilweekenden waar al dan niet gezeild
kon worden, we vastliepen en ik heel goed jullie kleren kon vasthouden terwijl de
mannen in het water sprongen, de tientallen Zwevelpineieren, de vele woordgrapjes,
assholen en andere spelletjes. De semi-ouwelullen en jonge honden, dank voor de
leuke feestjes, weekenden en al het gezamenlijk lijden. BRAND!!!
Emilie & Daniela, thanks for all our nice outings, the gossip, indoor picnics and the
weekends to Brugge and Oxford!
Schönfamilien, dank voor alle steun, al vele jaren. En natuurlijk voor alle heerlijke
etentjes, wijntjes en fijne vakanties samen. Saskia en Marieke, dank voor het
organiseren van NoraFest, het mooiste festival ooit!
Papa, mama, Hilde en Irene, heel erg bedankt voor de steun tijdens mijn promotietraject
en alle jaren daarvoor!
Lieve, lieve Kasper, wie had 12,5 jaar geleden, toen ik nog hydrologie studeerde
en jij af en toe iets deed met biologie (maar vaker iets met bier), gedacht dat we
ongeveer hetzelfde werk zouden gaan doen? Eerst als collega’s op de Binnenhaven in
Wageningen, nu in het Kruyt. Dank je wel dat je het al zo lang met me uithoudt, al mijn
geklaag al dan niet geduldig aanhoort, dank voor je eeuwige steun en enthousiasme,
je goede muzieksmaak en de fantastische catering natuurlijk. Ik hoop op nog vele
jaren samen en voor jou een bloeiende carrière in de plantenwetenschap.
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