
Molecular aspects of plant disease susceptibility:
Arabidopsis genes affecting downy mildew infection

Moleculaire aspecten van vatbaarheid voor plantenziekten:
Arabidopsis-genen betrokken bij infectie door valse meeldauw

(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, inge-
volge het besluit van het college voor promoties in het openbaar te 
verdedigen op maandag 2 december 2013 des middags te 12.45 uur

door

Dmitry Lapin

geboren op 6 februari 1987
te Shchukovo, Rusland



Promotor: prof. dr. ir. C.M.J. Pieterse
Co-promotor: dr. A.F.J.M. Van den Ackerveken

This thesis was accomplished with financial support from The Lever-
hulme trust and Utrecht University



Table of contents
Chapter 1: General Introduction 5

Plant disease susceptiblity: more than a failure of host immunity

Outline 15
Chapter 2 17

Broad spectrum resistance of Arabidopsis C24 to downy mildew is mediated by 
different combinations of isolate-specific loci

Chapter 3 37
Two interacting downy mildew resistance loci in the Arabidopsis accession C24 

revealed by whole genome sequencing of backcross lines

Chapter 4 57
Association mapping reveals a potential role for CYTOKININ RESPONSE FACTOR 1 

in Arabidopsis susceptibility to downy mildew

Chapter 5 87
Disease-related N-glycoproteins of Arabidopsis infected by downy mildew

Chapter 6: General discussion 111
References 117
Summary 139
Samenvatting 140
Acknowledgements/Благодарности	 141
Curriculum vitae 143
List of publications 145





5

Chapter 1: General Introduction

Plant disease susceptiblity: more than a failure of host 
immunity

Dmitry Lapin and Guido Van den Ackerveken
Plant–Microbe Interactions, Utrecht University, Padualaan 8, 3584 CH, Utrecht, The Nether-
lands
Trends in Plant Science, doi 10.1016/j.tplants.2013.05.005

Abstract
Susceptibility to infectious diseases caused by pathogens affects most plants in 
their natural habitat and leads to yield losses in agriculture. However, plants are not 
helpless because their immune system can deal with the vast majority of attackers. 
Nevertheless, adapted pathogens are able to circumvent or avert host immunity 
making plants susceptible to these uninvited guests. In addition to the failure of the 
plant immune system, there are other host processes that contribute to plant disease 
susceptibility. In this review we discuss recent studies that show the active role played 
by the host in supporting disease, focusing mainly on biotrophic stages of infection. 
Plants attract pathogens, enable their entry and accommodation, and facilitate nutrient 
provision.

Forced hospitality enables infection
Plants possess a dedicated immune system to fend off infection by pathogens such as viruses, 
bacteria, fungi, oomycetes, and nematodes. The activation of plant defense responses is 
triggered by the recognition of invading organisms by immune receptors. These can be 
plasma membrane-bound receptors that monitor the extracellular environment or intracellular 
receptors that detect the presence or activity of pathogen-derived effectors. An important 
class of receptors recognizes molecules known as pathogen or microbe-associated molecular 
patterns (PAMPs/MAMPs), which are exposed or released by a broad range of invading 
organisms. Well-known examples are the pattern recognition receptors FLS2 (FLAGELLIN-
SENSITIVE 2) for bacterial flagellin and the CERK1 (CHITIN ELICITOR RECEPTOR KINASE 
1) for fungal chitin. Recognition of PAMPs/MAMPs results in the activation of the plant immune 
system [1]. Plants have the intrinsic capacity to detect and respond to invading pathogens 
and, therefore, are resistant to the majority of potential pathogens [2-4].
However, the plant immune system is rendered ineffective by adapted pathogens that have 
evolved ways to interfere with host defense (see Box 1). The ensuing failure of the plant 
immune system allows further ingress of invading pathogens, however, not without the 
‘collaboration’ of the host. The focus of this review is on non-immunity-related plant processes 
that contribute to the susceptibility of plants to pathogens at the level of (i) pathogen attraction 
and attachment to the host, (ii) accommodation of infection structures in plant cells, and 
(iii) nutrient production and transport from the host (Figure 1). We will mainly focus on the 
susceptibility of plants to pathogens that have a biotrophic lifestyle either during initial stages 
of infection (e.g. Phytophthora spp., Colletotrichum spp.) or throughout their life cycle (e.g. the 
powdery and downy mildews) (see Glossary for terminology).
Plant signals as cues for pathogen development
The effect of signals from the host plant on early pathogen development was convincingly 



6

illustrated in a recent analysis of gene expression in germinating spores of the hemibiotrophic 
fungus Colletotrichum higginsianum, which showed that the transcription of >1700 genes is 
induced when the spores are on a host plant surface rather than on an artificial polystyrene 
surface [14]. Plant-derived molecules such as flavonoids, fatty acids, alcohols, and aldehydes 
are known to serve as signals to attract pathogens, stimulate attachment to the plant surface, 
and induce germination and formation of penetration structures named appressoria.
Flavonoids are released into the soil from the roots of many plant species where they can 
attract soil-borne pathogens. It has been shown that isoflavonoids released by the roots of 
soybean (Glycine max) and other plants attract zoospores of Phytophthora spp., which are 
oomycete pathogens [15]. Flavonoids can also stimulate spore germination, as shown for the 
fungal legume pathogen Fusarium solani [16]. However, these compounds have not been 
reported to stimulate the development of infection structures in vivo.
Other compounds, for example plant hormones, are known to trigger pathogen development. 
Ethylene released by ripening fruits stimulates both spore germination and appressorium 
formation of the fungus Colletotrichum gloeosporioides [17]. There are indications that 
strigolactones also influence in vitro growth of phytopathogenic fungi [18], although it is not 
clear how they influence plant infection.
Components of plant surface waxes (see Glossary), such as long-chain alcohols and 
aldehydes, play an important role in pathogen spore germination. Leaves of the maize (Zea 
mays) glossy11 mutant, in which very-long-chain aldehydes are depleted from surface waxes, 
are poor substrates for the germination of spores of the barley powdery mildew Blumeria 
graminis f.sp. hordei. Exogenous application of the C26 aldehyde n-hexacosanal on glossy11 
leaves restored efficient spore germination demonstrating that it serves as a cue for pathogen 

Glossary
Biotroph – pathogen that lives and multiplies only on living host tissues [22, 23]. The 
examples of plant biotrophic pathogens are viruses, viroids, downy and powdery mildews, 
rusts.
Cutin - a polymer of long-chain fatty acids and their derivatives on the plant surface, the 
main component of surface cuticle [24].
Effector – microbial and pest secreted molecules that alter host cell processes or structures 
generally promoting the interaction with the host [12].
Endoreduplication – modification of the cell cycle in which nuclear DNA undergoes 
replication without subsequent cell division that leads to formation of nuclei with increased 
ploidy level [25]. The resulting ploidy level is expressed as the amount of DNA compared 
to that of a haploid nucleus. For example, normal diploid cell (2n) has 2C amount of DNA.
G-proteins - GTP hydrolyzing proteins (GTPases) that work as molecular switches in 
regulating a broad range of cell processes. Plant G-proteins are broadly classified into small 
G-proteins (including ROPs), heterotrimeric G-proteins and unconventional G-proteins [26, 
27]
Hemibiotroph – pathogen for which only a part of the life cycle is dependent on living host 
tissues. For example, the oomycete pathogen Phytophthora capsici starts infection process 
in Arabidopsis thaliana as a biotrophic pathogen but later switches to the necrotrophic stage 
[28, 29].
Necrotroph - pathogen feeding on dead host tissues. The plant necrotrophic pathogens are 
exemplified by the grey mold fungus Botrytis cinerea and the oomycete parasites Pythium 
[30].
Strigolactones - carotenoid-derived plant hormones originally identified as molecules from 
root exudates stimulating germination of seeds of parasitic plants in the periphery of the host 
plant. Strigolactones are not only signals in the rhizosphere but also play an important role 
as hormones in plant development [31].
Waxes – a complex mixture of highly hydrophobic long-chain alkanes, alcohols and fatty 
acids frequently found on the surface cuticles [24].
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development [19]. Similarly, on leaves of the Medicago truncatula irg1 (inhibitor of rust 
germ tube differentiation 1) mutant, spores of the fungi Colletotrichum trifolii (a pathogen of 
Medicago) and Phakopsora pachyrhizi (for which Medicago is a non-host) showed reduced 
differentiation rates. The irg1 mutant has an altered composition of surface waxes because 
it is severely depleted in C30 primary alcohols. Transcriptome analysis of the irg1 mutant 
revealed downregulation of ECERIFERUM4, implicated in primary alcohol biosynthesis, 
and MYB96, a transcriptional regulatory gene of wax biosynthesis [20]. In addition, barley 
(Hordeum vulgare) and wheat (Triticum aestivum) wax components, such as C26 and C28 

Box 1. Suppression of plant immunity
Adapted pathogens have evolved effector proteins and small molecules to suppress PAMP/
MAMP-triggered immunity [5-7] and can thereby establish effector-triggered susceptibility 
(ETS). A second class of plant immune receptors, encoded by resistance genes, has 
evolved to recognize these effectors or their activity. Effector recognition activates a defense 
response referred to as effector-triggered immunity (ETI). However, this second layer of 
immunity can also be rendered ineffective by other effectors that can suppress ETI, for 
example, by acting on downstream signaling components [5]. The striking feature that many 
of these effectors have in common is that they act within the host cell and require specialized 
transport mechanisms to get there. Gram-negative bacteria use a type III secretion system 
to ‘inject’ proteins into the host cell [8, 9]. Nematodes can also insert proteins directly into 
plant cells by means of their stylet. By contrast, biotrophic fungi and oomycetes secrete 
proteins from their hyphae or haustoria followed by uptake or translocation over the plant cell 
membrane into the host cell [10]. Research on the mode of action of effectors has revealed 
intriguing ways of host manipulation, for example, by manipulating host target proteins, 
mostly aimed at disabling the plant immune system [11-13]. The resulting suppression is 
important in the early stages of infection and remains throughout the infection process so that 
biotrophic pathogens can complete their life cycle without being killed or arrested by plant 
defense responses. Interestingly, some effectors stimulate susceptibility by other means: for 
example, by interfering with nutrient metabolism or transport (see text for further discussion).

Attraction Accommodation Feeding

Attached and germinating spore

Release of attractants and stimulants

Free pathogen spores

Penetrating haustorium

Reorganization of plant
cytoskeleton and cytoplasm

Established haustorium

Flux of nutrients

Key: Figure 1. The host plant 
promotes susceptibility 
to pathogen infection 
at several key steps: (i) 
attracting pathogens by 
plant-derived molecules and 
stimulating their attachment 
and development on 
the host surface, (ii) 
accommodating pathogen 
infection structures, for 
example, haustoria, and 
(iii) feeding the uninvited 
guests.
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n-alcohols and even-numbered C22–C30 n-aldehydes, are known to induce germination of 
powdery mildew spores in vitro [21].
Cutin (see Glossary) also plays a signaling role in pathogen development. M. truncatula ram2 
mutant plants, which are missing a glycerol-3-phosphate acyltransferase enzyme involved in 
cutin biosynthesis, showed increased resistance to the oomycete Phytophthora palmivora as 
a result of reduced appressoria formation by the pathogen. Application of the C16:0 monomer 
of cutin 1,16-hexadecanediol not only stimulated appressoria formation of P. palmivora 
on a polypropylene surface but also increased the susceptibility of the Medicago roots to 
oomycete infection [32]. Cutin monomers (hydroxy-fatty acids) also stimulate appressorium 
formation and regulate the hyphal development of the obligate biotroph Ustilago maydis [33]. 
We can conclude that plant compounds can act as important attractants for pathogens, as 
well as triggers for the formation of penetration structures, thereby contributing to disease 
susceptibility.
Pathogen accommodation
The accommodation of pathogens during biotrophic stages of infection often involves 
specialized structures, such as haustoria, which could be important for nutrition uptake, 
as shown for soybean rust (Uromyces fabae) [34], and for effector translocation into host 
cells (see below). The cytoplasm of host cells remains separated from the invading fungal 
or oomycete haustoria by a host-derived extrahaustorial membrane that is continuous with 
the plant cell membrane but has a distinct set of membrane-associated proteins [35, 36]. 
Accommodation of the invading pathogen inside the plant cell involves large changes in host 
membrane and cytoskeleton organization to which the host actively contributes.
Rho-like GTPases of plants (ROPs, also called RACs) (see Glossary) are well-known for 
their involvement in development and interaction with the environment [37]. In addition, 
there is evidence that these proteins play a role in disease susceptibility. Silencing of the rice 
(Oryza sativa) OsRAC4 and OsRAC5 genes led to reduced susceptibility to the blast fungus 
Magnaporthe grisea [38]. Similarly, expression of a dominant negative form of ROP6 enhanced 
resistance of Arabidopsis (Arabidopsis thaliana) to powdery mildew independently of salicylic 
acid-mediated immunity [39]. By contrast, constitutively active forms of barley RAC3 and 
HvRACB, homologs of the Arabidopsis ROP6, increased susceptibility of transgenic tobacco 
(Nicotiana tabacum) plants to the powdery mildew fungus Golovinomyces cichoracearum and 
the bacterium Pseudomonas syringae pv. tabaci [40]. Silencing of the barley HvRACB in 
single epidermal cells showed that this ROP is indeed required for successful powdery mildew 
haustorium accommodation [41-43]. Furthermore, a regulator of ROP activity, the Arabidopsis 
receptor-like kinase FERONIA (FER) was found to be important for successful powdery mildew 
infection and for pollen tube growth [44]. Given that FER [45] as well as the barley HvRACB 
and Arabidopsis ROP6 [41, 46] are also linked to root hair formation, this suggests that the 
accommodation of fungal haustoria, pollen tube growth and root hair development share a 
similar signaling pathway. Furthermore, the ROP6 and ROP1 genes influence the interaction 
of Arabidopsis with the root endophyte Piriformospora indica because their mutation affects 
plant cytoskeleton reorganization during fungal penetration and the growth-promoting effect 
by the fungus [47]. Interestingly, ROPs also play a role in the accommodation of symbiotic 
Rhizobium bacteria as shown for the Lotus japonicus ROP6, which is important for infection 
thread formation that precedes the accommodation of rhizobacteria [48]. Also, in the interaction 
with arbuscular mycorrhizal fungi, a pre-penetration apparatus is assembled in epidermal root 
cells of M. truncatula and of Daucus carota (carrot), a process that requires reorganization of 
cytoskeleton and endoplasmic reticulum components [49, 50]. Reorganization of host plasma 
membrane and aggregation of organelles was also observed at penetration sites in Arabidopsis 
inoculated with the powdery mildew G. cichoracearum [36], suggesting that prepenetration 
complexes, involving ROPs and other proteins, are needed for accommodation of symbiont 
and pathogen infection structures.
Not only do plants enable and support the accommodation of pathogens but they also 
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contribute to the transport of effector proteins (see Glossary and Box 1) into the host cell. 
Over the past decade many secreted oomycete and fungal proteins have been identified that 
show activity inside the host cell, the so-called host-translocated or cytoplasmic effectors [10]. 
Pioneering electron microscopy has revealed that the immuno gold-labeled rust transferred 
proteins Uf-RTP1p and Us-RTP1p from the rust fungi Uromyces fabae and Uromyces striatus, 
respectively, are transported from haustoria into plant cells [51]. Two recent studies have 
shown that fungal effectors localize to specific compartments at the host–pathogen interface, 
from where they are secreted. In Magnaporthe oryzae-infected rice cells, this structure was 
named the biotrophic interfacial complex [52], and similar structures were found in infections 
with the hemibiotroph C. higginsianum, showing stage-specific foci of effector accumulation at 
discrete sites on its invasive hyphae [53]. The question remains how effectors end up in the 
host cell cytoplasm after being secreted to the extracellular interface between the host and 
the pathogen. Data collected so far points to pathogen-independent uptake by plant cells, 
possibly via an endocytic route, as was observed for several oomycete and fungal effectors 
[54-56]. Inhibition of lipid raft-mediated endocytosis with filipin and nystatin was shown to 
block uptake of the oomycete effector Avr1b into the plant cells. Given that multiple effectors 

Infection site

Photosynthesis

Healthy systemic leaf Infected leaf

SWEETs

invertases

ADHs

DNA ploidy

- Maintenance of
photosynthesis  in
green islands

Green island
Flux of sugars
Flux of water and
minerals

Key:

Increase in activity
or DNA ploidy level

Figure 2. Changes in plant physiology during infection by biotrophic and hemibiotrophic 
pathogens. Leaves infected with oomycete, fungal, bacterial and protist pathogens show 
elevated expression of SWEET sugar transporters and cell-wall-bound and vacuolar 
invertases that facilitate phloem unloading and the flux of sugars to the infection site. ‘Green 
islands’ are known to surround rusts and powdery mildew infection sites and maintain 
photosynthesis in the otherwise senescing host tissues. Powdery mildew infection activates 
host alcohol dehydrogenases (ADHs) that might play a role in the synthesis of specific 
metabolites beneficial for the fungus and induces increased DNA ploidy levels in mesophyll 
cells underneath the infected epidermal cells that could contribute to increased metabolite 
production. Successful infection can also lead to systemic changes in plant physiology, for 
example, by stimulating photoassimilation in uninfected leaves.
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from plant pathogenic oomycetes and fungi were described to bind the phosphoinositide 
phosphatidylinositol-3-phosphate present in the host plasma membrane, it was suggested 
that binding initiates effector translocation [54, 57, 58]. However this could not be reproduced 
by four independent laboratories [59, 60], suggesting that alternative mechanisms of 
translocation exist. Host cells also enable cell-to-cell movement of effector proteins, for 
example, the chorismate mutase Cmu1 and PWL2 (for Prevents pathogenicity toward 
Weeping Lovegrass) secreted by U. maydis and M. oryzae, respectively, that can move to 
plant cells next to the infected cells. The movement is likely to be through the plasmodesmata 
because Cmu1 was not observed in guard cells that lack symplastic connections [52, 61]. It 
is tempting to speculate that mobile effectors could make distant tissues more accessible to 
infection thereby possibly contributing to the phenomenon of “induced accessibility”.
Provision of food for pathogenic guests
In addition to accommodation, host plants also ‘offer’ nutrients to their pathogenic guests. In 
particular, in biotrophic interactions, the plant provides carbon and other nutrients to infecting 
pathogens. The photosynthetically active tissues of the plant produce organic carbon in the 
form of sugars. Surprisingly, a reduction of plant photosynthesis rates has been observed 
in tissues infected with biotrophic and hemibiotrophic leaf pathogens, both in susceptible 
and resistant plants [62]. The demand for carbon in the infected tissue requires that there 
is compensation by carbon allocation from non-infected tissues, in particular in non-
photosynthetically active tissues, such as in leaf epidermal cells infected by powdery mildews, 
or root cells parasitized by nematodes. The infected tissues become an important sink so that 
nutrients, including sugars, are transported there. Transport of sucrose from source to sink 
tissues requires efficient unloading of the phloem into the apoplast and further transport of 
sugars to the surrounding cells. The strength of the sink is largely determined by the level of 
phloem unloading which, in turn, is strongly influenced by the activity of sugar transporters 
and cell-wall-bound invertases, which are highly expressed in sink tissues [63] (Figure 2).
The discovery of the SWEET family of plant transmembrane proteins was a major breakthrough 
because several SWEET proteins were shown to transport glucose and sucrose across cell 
membranes, thus contributing to phloem unloading [64, 65]. A subset of SWEET genes in 
Arabidopsis and rice are transcriptionally induced during bacterial and fungal infection 
[64, 65]. In grapevine (Vitis vinifera), the SWEET orthologs VvHT1 and VvHT5 (hexose 
transporters) are also transcriptionally activated after powdery and downy mildew infection. 
Notably, analysis of VvHT5 spatial expression showed that the gene is actively transcribed 
in veins of diseased leaves, with the highest abundance close to the infection site [66]. Thus, 
by unloading phloem, sugar transporters are likely to mediate carbon transport to bacterial, 
fungal and oomycete infection sites. 
The importance of these sugar transporters for disease susceptibility has been revealed in 
rice. Transcription of the OsSWEET11/Xa13 gene is activated by the Xanthomonas oryzae 
pv. oryzae (Xoo) transcription-activator like (TAL) effector PthXo1 through its specific binding 
to the OsSWEET11 promoter. Interestingly, recessive resistance to Xoo mediated by xa13 
alleles is based on promoter mutations that make the OsSWEET11 gene non-responsive 
to the PthXo1 effector [65, 67]. Apparently, the mutated promoter leads to lower transporter 
levels and consequently a diminished flow of sugars to Xoo resulting in a large decrease in 
susceptibility. Additional support for the importance of sugar transport during infection came 
from studies showing that other Xoo strains have evolved ways to activate the expression of 
a different rice sucrose and glucose transporter gene, OsSWEET14, by another TAL effector, 
AvrXa7 [64, 65, 68]. In this way, Xoo is thought to stimulate the release of sugars needed 
for bacterial growth. This strategy is likely to be used by other pathogens given that the 
transcriptional activation of SWEET genes was also observed during infection by fungi and 
oomycetes [65, 66] (Figure 3).
Alternatively, SWEET transporters could increase susceptibility of rice to Xoo by regulating 
host copper redistribution. Rice OsSWEET11 interacts both in vivo and in vitro with the 
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copper transporters OsCOPT1 and OsCOPT5 at the plasma membrane. Remarkably, all 
three genes, OsSWEET11, OsCOPT1 and OsCOPT5, show increased transcript abundance 
during Xoo infection in rice, and are needed for copper uptake. Their constitutive expression 
led to increased copper content in rice leaf tissues, except in the xylem where the copper 
content was reduced. Infection with Xoo strain PXO99 also led to the accumulation of copper 
in leaves, to which bacteria show high sensitivity. OsSWEET11, together with the OsCOPTs, 
is suggested to limit toxic effects on the vascular pathogen Xoo by transporting copper out of 
the xylem during infection [69] (Figure 3).
The increased activity of the cell wall-bound invertases is often associated with pathogen 
infection and could enhance the sink strength to provide carbon to the pathogen. In grapevine 
leaves, the cell wall-bound invertase gene Vvcw-INV is indeed transcriptionally induced during 
infection with downy and powdery mildews [66]. Accordingly, in transgenic tomato (Solanum 
lycopersicum) plants in which the major cell wall-bound invertase isoforms had been silenced, 
starch accumulation in leaves was reduced, suggesting that cell wall-bound invertases restrict 
sucrose export [70]. So, cell wall-bound invertases could facilitate efficient sugar allocation to 
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Powdery mildew infection

Pathogenic bacteria

?

?

Bacterial infection

Epidermal cells

Powdery mildew
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Figure 3. Model of plant susceptibility factors enabling bacterial (left panel) and fungal (right 
panel) pathogens to be fed by the plant, depicted in a schematic partial cross section of a 
leaf. On the schematic leaf cross section, genes encoding SWEET sugar transporters are 
transcriptionally induced after infection with fungal, oomycete and bacterial pathogens. In 
powdery and downy mildew-infected leaves, the induction of SWEET genes is associated 
with vascular tissues. SWEETs are suggested to unload sucrose from the phloem into the 
apoplast, besides symplastic unloading via plasmodesmata. Subsequently, cell-wall-bound 
or vacuolar invertases, activated during infection, hydrolyze sucrose into fructose and 
glucose. Invertase activity, typically linked to sink tissues, promotes phloem unloading and 
sugar delivery to pathogens. Nuclei of mesophyll cells underlying powdery mildew-infected 
epidermal cells undergo endoreduplication cycles that are suggested to enhance metabolic 
rates contributing to successful pathogen development. Host alcohol dehydrogenase activity 
induced during powdery mildew infection might help to reroute plant cell metabolism to 
produce compounds beneficial for the pathogen. Finally, the sugar transporter OsSWEET11 
together with copper transporters OsCOPT1 and OsCOPT5 might also play a role in 
removing copper, which is toxic to the pathogenic bacteria Xanthomonas oryzae pv. oryzae, 
from rice xylem sap.
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the infected tissues. In Arabidopsis roots, the cell wall-bound invertase gene AtcwINV1 and 
the vacuolar invertase gene Atβfruct4 show enhanced expression upon infection with the 
clubroot pathogen Plasmodiophora brassicae. Inhibition of the invertases at the infection sites 
of the Arabidopsis root via the root-specific expression of the invertase inhibitor genes AtC/
VIF1 and AtC/VIF2 led to reduced gall formation by the pathogen [71], suggesting that both 
vacuolar and cell wall invertases could increase disease susceptibility by enhancing the sink 
strength (Figure 3). However, the role of extracellular invertases in disease susceptibility is 
likely to be more complex. For example, inhibition of cell wall-bound invertases in Arabidopsis 
by acarbose led to enhanced susceptibility to Pseudomonas syringae pv. tomato DC3000 
[72], indicating that cell wall-bound invertases positively affect immunity. In addition, effectors 
of Xanthomonas campestris pv. vesicatoria were shown to suppress cell wall-bound invertase 
activity, thereby reducing sugar-mediated immunity [73]. Therefore, it is possible that 
pathogens adjust plant invertase activity so that host immune responses and efficient sugar 
transport are balanced.
Host plants are likely to provide additional forms of organic carbon to their microbial guests. 
In the nitrogen-fixing nodules on legume roots, carbon is transported to the infected cells not 
only in the form of sugars, but also in other organic forms, presumably tricarboxylates, from 
the surrounding uninfected cells [74, 75]. In barley, alcohol dehydrogenase (ADH) activity is 
induced during infection with B. graminis f. sp. hordei. Treatment with pyrazole, an inhibitor 
of ADH-catalyzed alcohol oxidation, reduced the disease symptoms and hyphal growth of 
the powdery mildew fungus and, accordingly, transient overexpression of the barley HvADH1 
increased the number of successfully established fungal infection sites [76]. Elevated ADH 
activity could lead to the production of alternative sources of organic carbon for pathogens. 
This was observed in grapevine, in which overexpression of VvADH2 led to the accumulation 
of diverse secondary metabolites, such as shikimates, norisoprenoids, and terpenes [77]. 
Furthermore, ADH activity is induced under hypoxic conditions in maize [78] and Arabidopsis 
[79], and ADH1 overexpression enables Arabidopsis plants to maintain root hair growth rates 
under oxygen-limiting conditions [80]. Increased ADH activity at powdery mildew infection 
sites could, therefore, also contribute to prolonged survival of infected host cells (Figure 3).
Maintenance of photosynthesis in non-infected tissues could help to supply pathogens with 
sufficient sugars. Healthy leaves of maize plants, infected with the smut fungus U. maydis, 
were found to have higher photosynthesis rates and senesce later than leaves of uninfected 
plants [81], suggesting a systemic effect of infection. It is unknown if mobile pathogen effectors, 
hormones or other compounds are directly or indirectly responsible for systemic effects in 
non-infected host tissues. Also, ‘green islands’, which are typical of many plant diseases and 
surround infection sites [82], show prolonged photosynthesis, such as in senescing maize 
leaves infected with the hemibiotroph Colletotrichum graminicola [83] enabling prolonged 
feeding of the pathogen (Figure 2).
Transporters of other metabolites have also been implicated in pathogen feeding. For 
instance, the poplar (Populus trichocarpa) PtSultr3;5 gene encoding a sulfate transporter 
is highly expressed during rust fungus (Melampsora larici-populina) infections, although its 
role in feeding needs to be confirmed [84]. The sulfate transporter gene SST1 from Lotus 
japonicus is essential for symbiotic nitrogen fixation [85]. Genome data suggest that the 
downy mildew pathogen of Arabidopsis lacks the gene encoding sulfite reductase, an enzyme 
acting downstream of sulfate reduction in the sulfur assimilation pathway [86]. Similarly, 
important enzymes involved in inorganic nitrogen metabolism in the nitrate reduction pathway 
are missing in two groups of obligate biotrophic pathogens: Arabidopsis downy mildew and 
white rust (Albugo laibachii) [87] and three powdery mildew species [86, 88]. This would imply 
that the plant provides these pathogens with other forms of sulfur and nitrogen, possibly in 
the form of host-derived amino acids. However, so far, there were no reports regarding the 
involvement of plant amino acid transporters in disease susceptibility, possibly because their 
reduced activity can have severe pleiotropic effects.
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Endoreduplication (see Glossary) in plants cells is another striking alteration in response to 
pathogen infection. Biotrophs that feed on living host cells are suggested to abuse a regulatory 
mechanism of the host involved in controling the ploidy level of cells. Arabidopsis cells infected 
with the powdery mildew fungus Golovinomyces orontii showed induced transcription of the 
MYB3R4 gene that encodes a transcriptional regulator of endoreduplication. At five days 
post inoculation with G. orontii, mesophyll cells underlying infected epidermal cells showed 
an increase in ploidy level of up to 64C with a median value of 32C. Interestingly, myb3r4 
mutants do not show a significant increase in the ploidy level of mesophyll cells below infected 
epidermal cells and have reduced fungal growth [89]. Analysis of additional mutants showing 
reduced endoreduplication levels suggest that ploidy of mesophyll cells underlying the fungal 
feeding sites is an important susceptibility determinant of powdery mildew infection [90]. 
Similarly, nematodes can induce endoreduplication in feeding cells formed in host plant roots 
[91]. In Arabidopsis, overexpression of the cell cycle inhibitor Kip-related protein 4 (KRP4) 
inhibits this endoreduplication and consequently delays root knot nematode development 
[92]. The increased ploidy levels of host cells infected with powdery mildew or nematodes 
was shown to lead to higher relative transcript levels of metabolic genes. This phenomenon 
also occurs in the absence of infection in plant cells with higher ploidy level and high catabolic 
activity, such as the endosperm and trichomes. This suggests that endoreduplication activates 
host metabolism to supply the hosted biotrophs with nutrients [93] (Figure 3).
Reducing crop susceptibility
Under conditions of disease pressure, the fitness of susceptible crops is severely affected, 
resulting in yield reduction or complete crop losses. Breeding for genetic resistance is often the 
best measure for crop protection because chemical control can have negative environmental 
effects. However, dominant resistance, governed by single resistance (R) genes, is often 
rapidly overcome by new pathogen races. Resistance mechanisms can also be genetically 
more complex, based on multiple resistance loci, as recently observed for broad-spectrum 
downy mildew resistance in Arabidopsis C24 [94]. Alternative forms of resistance can be 
based on inactivating or interfering with host genes that contribute to disease susceptibility. 
This form of resistance is often recessive in nature. These alternative forms of resistance, also 
referred to as loss-of-susceptibility forms, have the potential to provide alternative and durable 
sources of disease resistance in crops [95].
Well-known example of recessive resistance in crop breeding is the use of mutations in 
the barley Mildew Resistance Locus O (MLO) gene. Plant homozygous for recessive mlo 
alleles confer broad-spectrum resistance to powdery mildew fungi in barley [96, 97], tomato 
[98], and  Arabidopsis [99], and even to the bacterial pathogen Xanthomonas campestris in 
pepper (Capsicum annuum) [100]. However, mlo-based resistance is most likely caused by 
derepression of immune responses [101] making it different from the non-immunity related 
forms described below. In rice, several recessive resistance genes to Xoo are known, 
including rice xa13, a non-pathogen-responsive variant of a SWEET gene that is, however, 
also associated with abnormal pollen development and reduced seed set [67]. The application 
of SWEET-based loss-of-susceptibility in breeding without fitness penalties could be achieved 
by using tissue-specific silencing of SWEETs in transgenic rice [102]. A second example is the 
use of loss-of-susceptibility mutations in the translation initiation factor eIF4E and its homologs 
for resistance to viruses. In Arabidopsis, translation initiation factor eIF(iso)4E, a homolog of 
eIF4E, is essential for successful infection with the tobacco etch virus. Mutants in eIF(iso)4E 
are resistant to the potyvirus by preventing systemic spread of the virus and, unexpectedly, 
not by reduced viral translation and replication [103]. Mutations in the eIF4E group of genes 
are now widely used as a source of resistance to potyviruses in crops [104-106].
How can we identify additional host susceptibility genes? One approach is based on exploring 
natural and induced genetic variation. Mutations in the well-known host susceptibility factors 
encoding SWEETs and eIF(iso)4E/G were isolated in natural populations of rice and pepper 
(C. annuum and C. chinense) conferring recessive resistance to Xoo and potyviruses, 
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respectively [67, 68, 106]. Genome-wide association mapping in natural populations is 
expected to be an additional method of identifying new susceptibility genes. However, 
dominant race-specific resistance genes present within the host plant species can obstruct 
this analysis, as shown in Arabidopsis, where resistance to downy mildew was strongly 
associated with R-gene clusters, which are known to contain genes controlling immunity to 
Hyaloperonospora arabidopsidis [107]. Recently, naturally occurring and induced mutations 
in the locus Rhg4 encoding serine hydroxymethyltransferase (SHMT) were shown to confer 
soybean resistance to the cyst nematode Heterodera glycines. The mutations interfere with 
the Rhg4/SHMT catalytic function in glycine and folate metabolism, suggesting that this host 
enzyme has a role in providing nutrients to the nematode [108]. Resistance to downy mildew 
was obtained in Arabidopsis mutants with altered amino acid metabolism. The Arabidopsis 
dmr1, rsp1 and rsp2 mutants with defective HOMOSERINE KINASE, ASPARTATE KINASE 
2 and DIHYDRODIPICOLINATE SYNTHASE 2, respectively, show perturbations in Asp-
derived amino acid synthesis, such as overaccumulation of homoserine and threonine [109-
111]. Potentially, high levels of these amino acids reduce the production of as yet unknown 
metabolites needed for downy mildew infection.
Host gene expression profiling in pathogen-infected plants is another way of discovering 
candidate disease susceptibility genes. Comparison of genes expressed in resistant and 
susceptible Arabidopsis accessions infected with H. arabidopsidis identified a malectin-like 
receptor-like kinase gene IMPAIRED IN OOMYCETE SUSCEPTIBILITY 1, the mutation of 
which led to enhanced resistance to downy mildew without signs of constitutive immune 
responses [112]. However, the role of the gene in disease susceptibility is unclear. Similarly, 
a set of Arabidopsis genes was identified that are specifically induced during infection with H. 
arabidopsidis in susceptible plants and that are known to be induced under abiotic stresses 
such as drought, salinity, and cold [113].
Host proteins that are targets of pathogen effectors could also be regarded as susceptibility 
proteins. Protein–protein interaction studies, for example, a recent interactome study of 
Arabidopsis [13], are revealing more and more effector targets and helpers [12]. However, 
many of the interacting proteins are strongly linked to immunity. Ongoing and future studies are 
likely to reveal more host proteins and genes that have a role in ‘attracting’, ‘accommodating’ 
and ‘feeding’ plant pathogens. The identification and functional analysis of these genes and 
proteins could uncover molecular processes that underlie many non-immunity related aspects 
of plant disease susceptibility and might provide the basis for novel strategies for disease 
resistance breeding.
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Outline

Downy mildew diseases are caused by oomycete pathogens belonging to the Peronosporaceae 
family [114] and are recognized as economically important on many crops, including lettuce 
[115], cucurbits [116], and maize [117]. Plants of the Brassicaceae family are also susceptible 
to downy mildews, e.g. Arabidopsis thaliana (Arabidopsis hereafter), which is infected by 
Hyaloperonospora arabidopsidis (Hpa), formerly known as Peronospora parasitica [114]. 
The Arabidopsis-Hpa pathosystem is a powerful model to study resistance and susceptibility 
to downy mildew and to biotrophic pathogens in general [118]. In Arabidopsis accessions, 
isolated from natural populations, a large number of resistance (R) genes have been identified 
that mediate immunity to specific Hpa isolates [107, 118]. In addition, non-R gene related 
forms of resistance to downy mildew were found in Arabidopsis, e.g. loss-of-susceptibility 
of the downy mildew resistant 1 mutant that does not require the well-known salicylic acid, 
jasmonic acid and ethylene-dependent pathways regulating Arabidopsis immunity [110]. In my 
research I aimed to find novel genes mediating susceptibility or resistance of Arabidopsis to 
downy mildew. The results of a multidisciplinary approach, involving genetics and proteomics, 
are presented in this thesis.
Chapter 2 describes the genetic analysis of broad-spectrum resistance (BSR) of the natural 
Arabidopsis accession C24 to Hpa. By combining segregation analysis and quantitative trait 
loci mapping in introgression and recombinant inbred lines, we found that BSR in C24 is 
based on different combinations of isolate-specific loci.
The complex genetics of resistance of C24 to Hpa isolate Waco9 is further described in Chapter 
3. A population of Waco9-susceptible lines was developed by multiple rounds of backcrossing 
of the susceptible Col-0 accession to C24. Whole-genome sequencing of 48 lines revealed 
two major introgressed susceptibility loci of Col-0. The corresponding C24 loci each provided 
only partial resistance, but interestingly, combined they conferred strong resistance to Waco9. 
Ongoing fine-mapping and complementation studies are aimed at identifying the causal 
polymorphisms and genes to understand how the interacting loci contribute to quantitative 
resistance to Hpa.
An alternative approach to find plant genes contributing to susceptibility of natural Arabidopsis 
accessions to Hpa is by association mapping and is described in Chapter 4. To reduce 
the effect of isolate-specific resistance loci, >250 natural accessions of Arabidopsis were 
inoculated with a mixture of four Hpa isolates. Genome-wide and locus-specific association 
mapping revealed three candidate loci affecting susceptibility of Arabidopsis to multiple downy 
mildew isolates: CYTOKININ RESPONSE FACTOR 1 (CRF1), STOMATAL CARPENTER 1 
(SCAP1), and the At5g53750/AtMLO11 locus. Functional studies revealed potential roles of 
the CRF1 and SCAP1 genes in susceptibility of Arabidopsis to Hpa.
To identify Arabidopsis proteins in downy mildew-infected cells that play a role in susceptibility, 
a proteomic approach was undertaken, that is presented in Chapter 5. A cell-specific 
N-glycotagging method was applied using the promoter of the Arabidopsis DOWNY MILDEW 
RESISTANT 6 (DMR6) gene, which is expressed in Hpa-infected cells [119], fused to the 
coding sequence of COMPLEX GLYCAN LESS 1 (CGL1). In transgenic lines of the cgl1-1 
mutant containing this construct, complex N-glycosylation was restored in downy mildew-
infected cells. N-glycoproteins of these cells were isolated by immunoprecipitation, and 
peptides identified and quantified by label-free quantitative mass-spectrometry. This resulted 
in the identification of 18 candidate disease-related complex N-glycosylated proteins, several 
of which were found to have a potential role in susceptibility of Arabidopsis to Hpa.
In the final chapter, the obtained results are discussed in a broader perspective and a reflection 
is provided on how to identify host genes contributing to downy mildew susceptibility.
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Chapter 2

Broad spectrum resistance of Arabidopsis C24 to downy 
mildew is mediated by different combinations of isolate-
specific	loci

Summary
Most natural Arabidopsis thaliana accessions are susceptible to one or more isolates 
of the downy mildew pathogen Hyaloperonospora arabidopsidis (Hpa). However, 
Arabidopsis C24 is resistant to all Hpa isolates tested so far. Here we describe the 
complex genetic basis of broad spectrum resistance in C24. The genetics of C24 
resistance to three Hpa isolates was analyzed by segregation analysis and quantitative 
trait loci (QTL) mapping on recombinant inbred and introgression lines. Resistance of 
C24 to downy mildew was found to be a multigenic trait with complex inheritance. Many 
identified resistance loci were isolate-specific and located on different chromosomes. 
Among the C24 resistance QTL, we found dominant, co-dominant and recessive loci. 
Interestingly, none of the identified loci significantly contributed to resistance against 
all three tested Hpa isolates. Our study demonstrates that broad spectrum resistance 
of Arabidopsis C24 to Hpa is based on different combinations of multiple isolate-
specific loci. The identified quantitative resistance loci are particularly promising as 
they provide an important basis for the cloning of susceptibility- and immunity-related 
genes.
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Introduction
Life of plants is associated with diverse microorganisms, several of which can cause plant 
diseases. Plants resist infection attempts of most microorganisms, and disease can therefore 
be regarded as exception. This is due to the fact that plants are non-hosts for most microbes 
either due to basal immune responses or because the plant does not provide an appropriate 
environment to support pathogen growth and development. This non-host resistance or basic 
incompatibility is considered the major form of resistance effective against the vast majority 
of potentially pathogenic microbes [2]. Nevertheless, each plant species can be successfully 
infected by a limited number of adapted pathogens, and this phenomenon is known as basic 
compatibility. Within plant species there is variation in susceptibility to pathogens that in many 
cases is the result of gene-for-gene interaction in which dominant resistance genes (R-genes) 
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of the plant confer resistance to specific pathotypes expressing cognate avirulence genes. 
Hence, this is isolate-specific resistance. Several mechanisms supported with experimental 
data have been proposed to explain R-gene-mediated resistance, including direct recognition 
of pathogen proteins by plant receptors, but also indirect recognition as described in the guard 
and decoy model [120]. At the same time, certain genotypes within a single plant species 
may evolve resistance to multiple isolates of the same otherwise successful pathogen or 
even several unrelated adapted pathogenic species. This form of resistance is called broad-
spectrum resistance (BSR) [121].
There is no general mechanism underlying BSR in plants, and cloned BSR loci represent 
different classes of genes. Genetically, mechanisms of BSR can be classified as monogenic 
or polygenic with complex inheritance and interactions between loci.
In cases of monogenic recessive BSR, plants might lack susceptibility factors which are 
important for successful pathogen development, thereby leading to a partial or complete 
incompatibility. For example, rice plants with a mutated promoter of the sugar transporter 
gene Xa13 are completely or partially resistant to a wide range of races of bacterial blight 
disease [65, 122]. The translation initiation factor eIF4E is ultimately required for the 
infection of potyviruses in many plants, and mutations in the gene are responsible for loss 
of susceptibility [123]. The gene Tsn1, encoding a protein with a nucleotide-binding site and 
leucine-rich repeats (NBS-LRR), is responsible for the sensitivity of bread wheat to the tan 
spot and Stagonospora nodorum blotch toxin ToxA. tsn1 mutants are non-sensitive to the 
toxin and therefore resistant to the fungal disease [124].
Also, mutants of negative regulators of immune responses may exhibit recessive non-isolate-
specific resistance. For example, recessive mutations in Arabidopsis homologs of the barley 
gene Mildew Resistance Locus O (MLO) confer effective resistance against powdery mildew 
fungus due to hyperaccumulation of indolic secondary metabolites that have antimicrobial 
activity [101].
BSR can also exhibit dominant expression that is simply inherited. For instance, Pi9 residing 
in a cluster of NBS-LRR genes is responsible for the resistance of rice to more than 20 
Magnaporthe grisea isolates [125]. Another NBS-LRR gene from Arabidopsis WRR4 confers 
resistance to several races of white rust on crucifers [126]. The Arabidopsis genes RPW8.1 
and RPW8.2 encoded R-proteins with transmembrane and coil-coiled domains provide BSR 
against powdery mildew [127]. Additionally, the dominant R-gene Mi from tomato confers 
resistance against several pests such as root-knot nematodes, whiteflies and potato aphids 
[128-131].
Also, there are examples where the genetics of BSR is not governed by single loci. In many of 
those cases plants have multiple resistance loci with different race-specificities and therefore 
the plant gains broad-spectrum resistance. Interestingly, in this situation race-specific 
resistance loci are shown to have quantitative effects on immunity [132-134].
Thus, in general, BSR is a genetically complex trait that is more complicated to analyze 
than race-specific resistance. Among plants, Arabidopsis thaliana (further referred to as 
Arabidopsis) is one of the best studied model organisms, for which a wealth of mapping 
populations are available. These genetic resources, such as panels of natural populations 
and segregating populations derived from crosses between a pair or multiple inbred lines, 
greatly facilitate dissecting the genetic basis of complex traits in Arabidopsis. For instance, 
with recombinant and introgression inbred lines from a cross between Arabidopsis accessions 
Col-0 and C24, it was found that two major loci contribute to heterosis for multiple metabolic 
and biomass traits observed in progeny of the two accessions [135]. The available Arabidopsis 
resources can effectively aid the genetic analysis of BSR to pathogens.
The oomycete pathogen Hyaloperonospora arabidopsidis (Hpa), previously known as 
Peronospora parasitica and H. parasitica, causes downy mildew disease on Arabidopsis. It 
is a frequently used model system to study susceptibility of plants to biotrophic pathogens. 
Each Arabidopsis accession is typically susceptible to a number of Hpa isolates [107, 136], 



19

and studied incompatible interactions are mostly controlled by Resistance to Peronospora 
Parasitica (RPP) genes, many of which are dominant and isolate-specific. More than 25 loci 
conferring resistance to diverse Hpa isolates have been reported previously [137, 138]. The 
accession C24 is resistant to all of 23 Hpa isolates tested [139] and is, therefore, of particular 
interest for studying BSR of Arabidopsis to downy mildew.
In the present work, we characterized the genetics of BSR to downy mildew in Arabidopsis 
C24 and identified multiple loci that contribute quantitatively to resistance. Not a single locus 
or unique combination of loci confers resistance to three tested downy mildew isolates. Our 
study highlights that resistance of C24 to Hpa appears to be largely isolate-specific, and that 
different combinations of quantitative and qualitative loci determine BSR.

Materials and Methods
Plant material and growth
Arabidopsis thaliana (referred to as Arabidopsis) recombinant inbred lines derived from the 
cross Col-0xC24 (RILs), C24 introgression lines in Col-0 background (ILs), genetic map, 
and the genotype information are described in [140, 141]. Tested lines are designated as in 
[142] and [135]. Col-0 plants expressing the RCY1 protein tagged with hemagglutinin HA are 
described in [143], and the rcy1 mutants in C24 background are described in [144] . Plants 
were grown at 21˚C under long day conditions (16h light/8h dark, light intensity 100 µmol/m2/
sec).

Hyaloperonospora arabidopsidis (Hpa) infection assays and quantification of the 
pathogen growth
Hpa isolates Waco9, Emco5, Noco2 and Maks9 were maintained as described previously 
[109]. All infection assays were performed on eleven-day-old seedlings with a standard 
inoculum density of 50 conidiospores/µl. For QTL mapping with the RILs, relative Hpa biomass 
was quantified based on the content of Hpa DNA relative to Arabidopsis DNA in the infected 
plants at 5 days post inoculation (dpi). The quantification was performed using TaqMan® 
quantitative PCR (qPCR). Sequences of primers for the amplification of Hpa ACT, Arabidopsis 
ACT2, the corresponding TaqMan® probes and a protocol for the assay are presented in 
Supporting Information Table S1 and Notes S1. For the qPCR, MgCl2 was added to a final 
concentration of 9.5 mM to TaqMan® Universal PCR Master Mix without AmpErase® UNG 
(Applied Biosystems). The efficiency of the primers and probe sets was estimated with the 
dilution series of the total genomic DNA from the non-infected Col-0 plants and spores of 
Hpa Waco9. DNA was isolated from the infected seedlings with the CTAB method [145]. Five 
microliters of the isolated DNA (1-5 ng/µl) were added to TaqMan® qPCR (final volume 25 ul). 
The relative Hpa biomass was expressed as Ct value obtained for Hpa DNA minus Ct value 
obtained for Arabidopsis DNA.
The level of resistance of ILs to downy mildew was evaluated with spore counting at 6-8 dpi 
depending on the isolate. Spore counting was performed on five randomly chosen seedlings 
per replicate per genotype. Each experiment was repeated at least two times with three 
replicates in every experiment. The segregation analysis of resistance in populations F2 
C24xCol-0 flc3 and BC1 F1xC24 was performed at 9 dpi to allow full pathogen sporulation. 
Furthermore, to study the early stages of Hpa infection, we performed trypan blue staining 
[146] and microscopic analysis of infected seedlings at 2 dpi.

Quantitative trait loci (QTL) mapping
QTL mapping was performed on a subset of 75 RILs Col-0xC24 (Supporting Information Notes 
S2). For the mapping ΔCt values from the TaqMan® qPCR assays (Supporting Information 
Table S1, Notes S1) were used as phenotype scores without transformation. The composite 
interval and multiple QTL mapping procedures implemented in R/qtl were applied to locate 
resistance loci [147]. Epistatic interactions were examined with both QTLNetwork [148] and 
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R/qtl.For the QTL mapping with ILs in the Col-0 background, we used the results of spore 
counting. The statistical analysis was performed with ANOVA followed by the least significant 
difference (LSD) test (p<0.05, n=3). The experiment was performed two times; IL QTL were 
considered significant only if they were significant in each of the independent experiments. 
The identified QTL were named according to their order on the chromosomes; for example, 
qtl1.2 refers to the second identified QTL on chromosome 1.

Analysis of inheritance mode of the resistance QTL
To determine whether C24 alleles of identified resistance QTL are dominant, co-dominant or 
recessive, we crossed Col-0 ILs containing resistance QTL from C24 with the Col-0 parent. 
Hybrids were checked with PCR primers specific for a given QTL (Supporting Information 
Table S1). Then, spore counting expressed in spores/seedling was performed for the ILs, 
Col-0 and F1 hybrids. Groups of genotypes with similar spore counts were determined on 
the basis of Tukey-HSD test (α=0.05, three replicates with five seedlings per replicate). If F1 
hybrids were assigned to the same group as Col-0, the corresponding QTL was considered 
recessive; if the F1 hybrid did not appear in the same groups as the IL and Col-0, the QTL 
was considered co-dominant; and if F1 hybrids were in the same group as the ILs, the QTL 
was denoted as dominant. Each experiment was performed two times with three replicates in 
every experiment.

Expression analysis of Pathogenesis Related 1 (PR-1)
In order to measure PR-1 transcript levels in healthy uninfected leaves, eleven-day-old 
seedlings were sprayed with demineralized water and put under conditions used for the Hpa 
infection. At three days after the treatment, samples were collected and used for total RNA 
isolation using RNeasy Plant mini-kit (Qiagen) followed by DNaseI treatment (Fermentas) 
and cDNA synthesis with oligo(dT)14, RevertAid™ H Minus reverse transcriptase (Fermentas) 
and RiboLock™ RNase Inhibitor (Fermentas) according to manufactures’ instructions. For the 
normalization of PR-1 expression data, the reference gene At5g19840 was selected with the 
RefGenes tool of Genevestigator [149]. Sequences of primers for the quantitative real-time 
PCR (qRT-PCR) and their efficiency coefficients are presented in Supporting Information Table 
S1. qRT-PCR was performed with the Power CYBER Green master mix (Applied Biosystems) 
according to the manufacturer’s recommendations. The experiment was performed two times 
with three replicates per genotype in each experiment. Significance of differences in the PR-1 
expression was assessed with ANOVA (p<0.05).

Results
Arabidopsis C24 shows a hypersensitive response (HR) upon downy mildew infection
Resistant Arabidopsis plants are known to give different immune responses against downy 
mildew, e.g. HR or trailing necrosis, depending on the strength and timing of the cell death 
response [118]. We microscopically examined the immune reaction of Arabidopsis C24 to 
three isolates of Hpa Waco9, Noco2 and Emco5 that are all virulent on Arabidopsis Col-0. C24 
appeared to develop an HR upon infection with each of the tested isolates, visible as cell death 
in trypan blue-stained leaves (Fig. 1). The susceptible accession Col-0, on the other hand, 
showed successful hyphal colonization and haustorium formation and only occasionally plant 
cell death. The cell death response of C24 to Hpa isolates Noco2 and Emco5 was comparable 
to that of the accession Ws-0 to Noco2 that is determined by the dominant RPP1 locus [150], 
and to that of the Arabidopsis accession Ler to Emco5 that is mediated by RPP8 [151]. In 
contrast, the RPP5-mediated response in the Ler-Noco2 interaction [152] was less severe 
compared to the reaction of C24 to Hpa Noco2. Interestingly, cell death triggered by Hpa 
Waco9 in C24 was less pronounced than in the interactions of C24 with Noco2 and Emco5. 
The microscopically observed HR caused by the downy mildew isolates Noco2 and Emco5 
in Arabidopsis C24 resembles HR in known gene-for-gene interactions, suggesting that C24 
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resistance to these isolates may be based on dominant R-genes. The weaker response of 
C24 to Waco9 might be based on other mechanisms, although it is also associated with cell 
death.

Resistance of Arabidopsis C24 to Hpa is genetically complex
The genetic basis of downy mildew resistance of C24 was analyzed in segregating progenies 
of crosses with the susceptible accession Col-0. F1 hybrids from the cross C24xCol-0 and 
the reciprocal cross Col-0xC24 showed an intermediate level of susceptibility to the isolate 
Waco9, but full resistance to isolates Emco5 and Noco2 (Fig. 2). Since there was no significant 
difference between F1 plants from the reciprocal crosses, we concluded that resistance of 
C24 is not differentially affected by cytoplasmic genetic factors but rather depends on nuclear 
genetic loci, which can be inherited dominantly (to Emco5 and Noco2) or codominantly (to 
Waco9). Next, the segregation of resistance was analyzed in F2 populations of C24xCol-0 
flc3 and back-cross one progeny (BC1: F1xC24). The Col-0 flc3 mutant was used to reduce 
extreme segregation in flowering time that occurs in crosses between C24 and Col-0 [153], 
and was not different in resistance to Hpa compared to the wild type Col-0 (not shown). The 
segregation ratios of susceptible and resistant seedlings were determined following infection 
with the three Hpa isolates (Table 1). Strikingly, segregation ratios were different for each 
of the tested isolates (χ2-test p<0.005 in all pairwise comparisons for F2 results) implying 
that C24 resistance is at least partially isolate-specific. If resistance is controlled by a single 

Figure 1. Microscopic analysis of Hpa infection on Arabidopsis. Seedlings of accessions 
Col-0, C24, Ler and Ws-0 were infected with three Hpa isolates compatible with Col-0: 
Waco9, Emco5 and Noco2. The pathogen growth in each interaction at 2 dpi was examined 
microscopically with trypan blue staining, which allows to discriminate dead cells and 
oomycete hyphae in the infected leaves (bar=100 µm). The downy mildew isolates form 
intercellular hyphae and haustoria in susceptible Col-0 seedlings, and cell death is only 
occasionally observed. In Arabidopsis C24, HR occurs upon infection with all three tested 
Hpa isolates. Highly localized early cell death is observed when C24 is infected with the 
downy mildew Noco2 and Emco5. This type of response is similar to immune reactions in the 
interactions of Ws-0 - Noco2, Ler - Emco5 and Ler - Noco2 triggered by the isolate-specific 
R-genes RPP1, RPP8 and RPP5 respectively.
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dominant locus from C24, it is expected that the ratio of resistant to susceptible plants in 
F2 populations is 3:1. However, after infection with Emco5 and Waco9 the observed ratio 
significantly differed from 3:1 (p<0.001 for both isolates) implying that the resistance is not 
monogenic dominant. At the same time, for Emco5 we did not find susceptible plants in the 
BC1 population, indicating the presence of at least one completely dominant locus among 
several resistance loci. The segregation of resistance to Noco2 might be explained by a single 
completely-dominant R-gene although with low confidence (p=0.11) suggesting that several 
additional small effect loci may condition resistance. Thus, C24 resistance to Waco9 and 
Emco5 is governed by more than one locus suggesting that in general C24 resistance to 
downy mildew is multigenic and genetically complex.

Table 1. Segregation analysis of resistance to the downy mildew in F2 and back-cross progeny of Arabi-
dopsis Col-0 flc3 and C24

Hpa isolate Population Sus-
ceptible

Resis-
tant

Segregation S:R

3:1 1:3 1:1

Waco9 F2 C24xCol-0 
flc3, N=1142

916 226 χ2=16.5
P<0.0001

χ2=1856.5
P<0.0001

-

BC1 (F1xC24), 
N=326

72 254 - - χ2=165.8
P<0.0001

Emco5 F2 C24xCol-0 
flc3, N=322

52 270 χ2=594.8
P<0.0001

χ2=13.4
P<0.001

-

BC1 (F1xC24), 
N=99

0 99 - - χ2=99.0
P<0.0001

Noco2 F2 C24xCol-0 
flc3, N=317

67 250 χ2=490.5
P<0.0001

χ2=2.5
P=0.11

-

BC1 (F1xC24), 
N=99

0 99 - - χ2=99.0
P<0.0001

QTL mapping of resistance to Hpa Waco9
Unraveling complex traits can be effectively performed by quantitative trait loci (QTL) mapping. 
As we are particularly interested in the genetics of complex resistance of C24 to downy 
mildew, we conducted QTL mapping of resistance to the isolate Waco9. For this, we made 
use of recombinant inbred lines (RILs) derived from a cross between the susceptible parent 
Col-0 and the resistant parent C24 [141]. The level of susceptibility of 75 RILs to Waco9 
was quantified based on the relative Hpa DNA content in infected Arabidopsis seedlings with 
TaqMan® qPCR. The advantage of this method is that it provides a ratio of plant and pathogen 
DNA from a single reaction thereby reducing technical variation. As a measure of pathogen 
infection the cycle threshold values for the ACTIN genes of Hpa and Arabidopsis were 
subtracted giving a ΔCt value that was used as input for QTL mapping (Supporting Information 
Notes S1, Fig. S1). Four loci influencing resistance of C24 to Hpa Waco9 were mapped on 
chromosomes 1, 3 and 5 (Table 2, see Supporting Information Notes S2 for details). These 
loci had mostly additive effects with a weak interaction between qtl1.2 and qtl3.1 located on 
chromosomes 1 and 3, respectively (Fig. S3). The C24 alleles of qtl1.1, qtl3.1 and qtl5.1 
contribute positively to resistance with qtl5.1 having the strongest effect. In contrast, the C24 
allele of qtl1.2 increased susceptibility of Arabidopsis to Waco9. Together, the four identified 
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loci explain around 50% of the phenotypic variation in the level of resistance within the subset 
of RILs. These data confirm that C24 resistance to Waco9 is genetically complex, supporting 
the results of the segregation analysis in the F2 and BC1 populations.

Table 2. QTL mapping of C24 resistance to isolate Waco9 in the population of Col-0xC24 RILs

QTL* Location of max 
LOD, cM

Max LOD % variance ex-
plained

marginal effect/SE** interval from map-
ping with RILs, cM

qtl1.1 chr1 9.0 2.4 7.9 3.4 0-17

qtl1.2 chr1 20.4 3.9 13.2 -4.4 17-27

qtl3.1 chr3 38.2 1.9 6.1 2.9 0-50

qtl5.1 chr5 60.1 9.9 41.1 7.8 55-63
*- name of QTL includes number of chromosome and order of the QTL on chromosome (when several 
QTL present)
**- positive sign indicates that the C24 allele increases resistance

Next, we used 70 lines with introgressions from C24 covering the entire Arabidopsis genome 
in the Col-0 genetic background (Col-0 ILs) [140] to validate the resistance QTL identified in 
the RIL population and to find possible additional genetic factors (Table 3, see Supporting 
Information Notes S3 and Table S4 for details). Resistance of ILs was evaluated by scoring 
the level of sporulation. None of the Col-0 ILs was as resistant to Waco9 as Arabidopsis 
accession C24. Three RIL-QTL could be confirmed in the ILs, reinforcing these loci as being 
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Figure 2. Sporulation of Hpa isolates on Col-0 and its F1 hybrids with C24. Susceptible 
Col-0 and resistant C24 parent and their reciprocal hybrids were inoculated with different 
downy mildew isolates. The F1 hybrids showed full resistance to the downy mildew Emco5 
and Noco2 indicating dominant resistance loci (labeled “n.d.” as spore count was not deter-
mined). However, the F1 hybrids were intermediately susceptible to Hpa Waco9 (compari-
son to Col-0: t-test p<0.01 for both reciprocal hybrids, n=3) suggesting that C24 resistance 
to the isolate is codominant and quantitative. Error bars on the figure represent ± SD. Each 
experiment was performed at least two times with three replicates; each replicate included 
5 seedlings.
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significant. Col-0 IL N 2/13/4, which contains the major QTL qtl5.1 on chromosome 5, was 
most resistant to the isolate Waco9, both in cotyledons and first true leaves. ILs with qtl1.2 
were more susceptible to Hpa than their parental line Col-0 (p<0.05), while the ILs containing 
qtl3.1 were more resistant (p<0.05). Unexpectedly, we could not confirm the effect of qtl1.1, 
as Col-0 ILs with qtl1.1 from C24 did not show altered resistance phenotypes compared 
to the parent Col-0. However, an additional line N 29/11/1 was found to be more resistant 
than the parental accession Col-0 (p<0.05). Line N 29/11/1 contains two introgressions: one 
introgression corresponds to qtl1.1 and the second further down on chromosome 1 to the 
interval 62-83 cM, which we now refer to as qtl1.3. Previously, this line was noted to have 
a severely altered metabolic profile compared to Col-0 and C24 parents [135]. Other tested 
Col-0 ILs with the C24 allele of qtl1.3 did not show any resistance to Waco9 in comparison 
with Col-0, suggesting that resistance of line N 29/11/1 is not determined by effects of the 
individual QTL qtl1.1 and qtl1.3. Interestingly, with the ILs we identified qtl4.1 on chromosome 
4 (37-56 cM, p<0.02) which appeared to be as effective as qtl3.1 on chromosome 3, since 
resistance levels of ILs with qtl3.1 and qtl4.1 did not differ significantly (p>0.7). However, 
in QTL mapping on the RILs qtl4.1 was not detected as significant. Thus, ILs allowed us to 
identify more resistance QTL than RILs. We concluded that Arabidopsis C24 contains 4 major 
loci qtl1.2, qtl3.1, qtl4.1 and qtl5.1 on chromosomes 1, 3, 4 and 5 respectively that contribute 
to resistance to the downy mildew isolate Waco9.

Table 3. QTL mapping of C24 resistance to the isolate Waco9 in a population of Col-0 ILs

Col-0 IL* Spore count, 

103 spores/

seedling

QTL Interval from 

mapping with 

ILs, cM

Interval from mapping with ILs, 

bp (TAIR8)

Col-0 4.0 - - -

N 29/11/1 0.7 (p<0.001) qtl1.1**+qtl1.3 (0-5)+(62-83) (chr1:0..1189392)

+

(chr1:18580358..24843636)

N 87/12/10 5.9 (p<0.01) qtl1.2 20-27 chr1:5855350.. 8168405

N 52/2 1.7 (p<0.02) qtl3.1 21-33 chr3:6535963..8980078

N 68/5 1.7 (p<0.02) qtl4.1 38-56 chr4:6810745..10992260

N 2/13/4 0.3 (p<0.001) qtl5.1 41-63 chr5:11108011..18282539
*- only one line is shown for each QTL; for more details see SI File2
**- effect of qtl1.1 was significant only in the line N 29/11/1 which contained an additional introgression on 
chromosome 1, which we named qtl1.3

Individual QTL are not responsible for BSR of C24 to Hpa
Differences in genetics of C24 resistance to three isolates of Hpa, observed in the analysis 
of F1, F2 and BC1 populations, already indicated that Arabidopsis C24 has isolate-specific 
immune responses. To analyze this further, Col-0 ILs were screened with Hpa isolates Noco2 
and Emco5 (Table 4, Supporting Information Table S4). Resistance of the ILs to Emco5 
revealed three QTL on chromosomes 3 (qtl3.1 and qtl3.2) and 5 (qtl5.1). Only two QTL for 
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resistance to Noco2 were uncovered on chromosomes 1 (qtl1.4) and 3 (qtl3.2). In contrast 
to infection with Waco9, we did not find alleles of C24 which increase susceptibility to the 
isolates Emco5 and Noco2, indicating that the small effect qtl1.2 is isolate-specific. In total, 
we identified six loci that affect resistance to downy mildew. Among all identified loci, we could 
not find a single locus in C24 that provides resistance to all three tested isolates; qtl3.2 gave 
full resistance only to the isolates Emco5 and Noco2, but not to Waco9, and qtl5.1 provided 
resistance to Waco9 and Emco5, but it was not effective against Noco2. Thus, there is no a 
single locus in C24 that is responsible for BSR to Hpa.

Table 4. Downy mildew resistance QTL in Arabidopsis C24

QTL location, Mbp 
(TAIR8)

Waco9 Emco5 Noco2 Effect on PR-1 expression Col-0 IL**

qtl1.1 chr1, 0-1.2* R* C C C N 29/11/1

qtl1.2 chr1, 5.9-8.2 S C C C N 38/6/12/12

qtl1.4 chr1, 9.3-13.8 C C R C N 2/11/6

qtl3.1 chr3, 6.5-9.0 R R C C N 63/14

qtl3.2 chr3, 15.7-16.5 C R R C N 21/3/14

qtl4.1 chr4, 6.8-11.0 R C C C N 68/5

qtl5.1 chr5, 11.1-18.2 R R C C N 2/13/4

 Number of loci 5 3 2 0 -
S – QTL from C24 increases susceptibility (LSD p<0.05); R – QTL from C24 increases resistance (LSD 
p<0.05); C – line with the QTL is not significantly different from Col-0 in resistance to Hpa or expression 
of PR-1 (LSD p>0.05)
*- effect of qtl1.1 was significant only in the line N 29/11/1 with an additional introgression qtl1.3
**- only one IL shown if several ILs contained QTL

C24 resistance to Hpa involves recessive, co-dominant and dominant loci
Despite the fact that C24 resistance is overall a dominant or codominant trait based on the 
analysis of F1 hybrids, some of the individual QTL can be inherited differently. We generated 
F1 hybrids between Col-0 and Col-0 ILs with partial or complete resistance to different Hpa 
isolates to determine inheritance of individual resistance loci. The level of susceptibility of 
these hybrids was quantified and compared to Col-0 and parental IL levels (Table 5, Fig. 
3). C24 alleles of resistance QTL for Emco5 and Noco2 were either dominant (qtl3.2) or 
codominant (qtl1.4 and qtl3.1). Intriguingly, the dominant qtl3.2 locus conferred full resistance 
to Hpa isolates Emco5 and Noco2 and could contain an R-gene that recognizes effector 
proteins from these downy mildew isolates. In the case of Waco9, only the susceptibility qtl1.2 
was found to be dominant as F1 hybrids N 87/12/12xCol-0 were more susceptible than Col-0 
but not different from IL N 87/12/12: one could also state that qtl1.2 in Col-0 is a recessive 
resistance locus. Interestingly, qtl5.1, conferring resistance to both Emco5 and Waco9, 
inherited differently depending on the isolate. It provided dominant and complete immunity 
against Emco5, but was codominant and contributed to resistance quantitatively in case of 
the isolate Waco9. Two Waco9-specific resistance QTL qtl3.1 and qtl4.1 were recessive. In 
summary, although the overall resistance of C24 to Hpa is either dominant or codominant, 
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the effects of individual resistance loci can be different: dominant (qtl3.2, qtl5.1), codominant 
(qtl1.4, qtl3.1, qtl5.1) or even recessive (qtl3.1, qtl4.1).

Resistance conferred by qtl5.1 is not caused by RCY1
The major QTL on chromosome 5 qtl5.1 was found to be responsible for resistance to the Hpa 
isolates Waco9, Emco5 (Table 4) and Maks9 (data not shown). This QTL in C24 contains the 
RCY1 locus, which was previously reported as a dominant R-gene underlying resistance of 
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Figure 3. Sporulation of Hpa isolates 
Waco9 (a), Noco2 (b) and Emco5 (c) on 
F1 hybrids between Col-0 and ILs. To 
determine how individual resistance QTLs 
are inherited, F1 hybrids from crosses 
between Col-0 and ILs harboring a 
resistance QTL were tested with different 
Hpa isolates. Spore counting for downy 
mildew Waco9 (a) revealed that the major 
qtl5.1 (line N 2/13/4) is codominant as 
the corresponding F1 hybrid showed 
an intermediate level of susceptibility 
compared to the parental IL (Tukey-HSD 
test p=0.06) and Col-0 (p<0.001). Other 
Waco9 resistance QTLs, qtl3.1 and qtl4.1, 
are inherited recessively since the F1 
hybrids with ILs N 63/14 and N 68/5 were 
as susceptible as Col-0, but less resistant 
than the ILs (p<0.01 for both lines). C24 
allele of qtl1.2 was dominant, because 
F1 N 87/12/12xCol-0 differed from Col-
0 (p<0.001) but not from IL containing 
the QTL. In contrast to Waco9 situation, 
Noco2 (b) and Emco5 (c) resistance QTLs 
were either dominant or codominant but 
not recessive. F1 hybrids between Col-0 
and IL N 21/3/14 conferring major Emco5 
and Noco2 qtl3.2 were fully resistant in 
contrary with susceptible parent Col-
0. Similarly, qtl5.1 gave full resistance 
against Emco5 in F1 N 2/13/4xCol-0. 
At the same time, Emco5 qtl3.1 (IL N 
63/14) and Noco2-specific qtl1.4 (IL N 
2/11/6) were clearly co-dominant since 
the corresponding F1 hybrids were 
significantly different in spore count from 
Col-0 (p<0.001 for both crosses) and 
ILs (p<0.01 for both crosses). Error bars 
on the figure represent ± SD. Statistical 
analysis of the spore count was performed 
with ANOVA and Tukey-HSD test (α=0.05; 
n=3; two independent experiments with 
three replicates each).
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C24 to Cucumber mosaic virus yellow strain [CMV(Y)] [154]. Besides this, the RCY1 gene is 
allelic to RPP8 (At5g43470) that confers resistance to Hpa Emco5 in Arabidopsis accession 
Ler [151]. Therefore we checked whether RCY1 underlies the major QTL on chromosome 5. 
An Arabidopsis Col-0 transgenic line expressing RCY1 and resistant to CMV(Y) (line #12) 
[143] was as susceptible to the tested downy mildew isolates Waco9, Emco5 and Noco2 as 
the Col-0 control (Fig. 4a). The expression of RCY1 in transgenic plants was confirmed by 
western blot analysis (Supporting Information Fig. S4). In addition, we compared resistance of 
F1 hybrids between Col-0, C24 and several rcy1 mutants in the C24 background [144]. If RCY1 
confers resistance to Hpa, F1s C24xCol-0 should be more resistant than F1 hybrids between 
Col-0 and rcy1 mutants. However, it appeared that the F1 hybrids are equally susceptible 
to the isolate Waco9 (Fig. 4b). These results demonstrate that RCY1 is not responsible for 
downy mildew resistance of C24.

Elevated expression of PR-1 in C24 is not linked to downy mildew resistance
Previously, it was reported that C24 accumulates increased levels of salicylic acid [142, 155], 
the defense hormone required to establish immune responses against biotrophic pathogens 
[156]. In addition, C24 was shown to have high levels of the SA-responsive marker gene 
Pathogenesis Related 1 (PR-1, At2g14610) [155]. To determine if the elevated expression 
of PR-1 is linked to downy mildew resistance of C24, we checked if any of the Col-0 ILs with 
introgressed resistance QTL showed elevated levels of PR-1 expression in healthy uninfected 
seedlings. Intriguingly, the expression of PR-1 in the ILs was not significantly different from 
Col-0 (Table 4, Supporting Information Fig. S5, p>0.25), whereas C24 had higher PR-1 

Waco9

Emco5

Noco2

RCY1 line #12 Col-0 
0

2000

4000

6000

8000

10000

12000

sp
or

es
/s

ee
dl

in
g

(a)

0

50

100

150

200

250

300

350

W
ac

o9
 s

po
re

s/
se

ed
lin

g

F1
 rc
y1
-3

xC
ol

-0
F1

 rc
y1
-5

xC
ol

-0
F1

 rc
y1
-7

xC
ol

-0
F1

 C
24

xC
ol

-0

(b)

Figure 4. Sporulation of Hpa isolates on Col-0 plants expressing RCY1 gene (a), and F1 
hybrids of rcy1 mutants and Col-0 (b). qtl5.1 is a major Waco9 and Emco5 resistance QTL, 
harboring RCY1 locus which confers resistance of C24 to cucumber mosaic virus Y and 
is homologues to Hpa resistance gene RPP8. (a) Transgenic Arabidopsis Col-0 plants ex-
pressing C24 RCY1 gene were inoculated with three downy mildew isolates. The transgenic 
plants appeared to be as susceptible as wild type Col-0 (t-test p>0.2 for all Hpa isolates). (b) 
Three independent EMS mutants of RCY1 in C24 background rcy1-3, rcy1-5, and rcy1-7, 
impaired in the virus resistance, were crossed with Col-0. The hybrids F1 did not differ in 
resistance from F1 C24xCol-0 (ANOVA p=0.30), that provides evidence that RCY1 does not 
underlie C24 resistance qtl5.1. Error bars on the figure represent ± one standard deviation. 
Statistical analysis was performed with ANOVA (p<0.05, n=3) for two independent experi-
ments with three replicates each and five seedlings per replicate.
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expression levels compared to all tested linest-test p<0.001). Thus, even though individual 
identified QTL significantly contribute to downy mildew resistance, they do not affect PR-1 
expression in Col-0 ILs. Increased expression of PR-1 in Arabidopsis C24 is therefore not 
directly linked to resistance against Hpa.

Table 5. Inheritance of the C24 resistance QTL

QTL location, Mbp (TAIR8) Waco9 Emco5 Noco2 Col-0 IL

qtl1.2 chr1, 5.9-8.2 dominant n.a. n.a. N 87/12/12

qtl1.4 chr1, 9.3-13.8 n.a. n.a. codominant N 2/11/6

qtl3.1 chr3, 6.5-9.0 recessive codominant n.a. N 63/14

qtl3.2 chr3, 15.7-16.5 n.a. dominant dominant N 21/3/14

qtl4.1 chr4, 6.8-11.0 recessive n.a. n.a. N 68/5

qtl5.1 chr5, 11.1-18.2 codominant dominant n.a. N 2/13/4
n.a. – not applicable

Discussion
Arabidopsis C24 is resistant to all tested isolates of the downy mildew Hpa [139]. This 
accession was reported to have elevated levels of SA, hydrogen peroxide and expression of 
defense-related genes [142, 155]. However, downy mildew resistance is not directly caused 
by the elevation in SA levels and SA-induced gene expression, since (i) PR-1 expression, 
which is a marker of SA-dependent defense pathways, is not linked to Hpa resistance QTL, 
(ii) downy mildew resistance QTL, except for qtl1.3 detected only in one IL N 29/11/1, did 
not overlap with QTL responsible for the accumulation of signal molecules SA and glycerol-
3-phosphate in C24 [142], which are important for the establishment of systemic acquired 
resistance [157], (iii) there are no Hpa broad-resistance QTL in C24 which one would expect 
in the case of unspecific activation of immune responses, and (iv) F2 plants C24xCol-0 flc3 
resistant to downy mildew did not show any growth abnormalities, which in some cases are 
characteristic to plants with constitutive activation of defense, for instance in the case of 
hybrid necrosis [158]. Thus, there is no evidence that BSR of Arabidopsis C24 is caused by 
constitutively high defense responses. Furthermore, it is known that Arabidopsis accessions 
may have different transcriptional responsiveness to exogenous application of SA [159], but 
yet the responsiveness per se does not determine resistance against downy mildew. For 
instance, the accession Mt-0 was shown to be hyper-SA–responsive, however it does not 
confer BSR to downy mildew [107]. Similarly, the accession Bur-0 has higher SA-induced 
PR-1 expression compared to Col-0 [160], but it is still susceptible to multiple Hpa isolates 
[107, 136].
Our study is the first example of genetically characterized multigenic BSR in Arabidopsis, 
which led to the identification of seven resistance QTL against the downy mildew Hpa in a 
single Arabidopsis accession C24. Most of the loci identified in our study appeared to confer 
resistance against Hpa in a quantitative manner, and only two loci qtl3.2 (to Emco5 and 
Noco2) and qtl5.1 (to Emco5) were qualitative and completely dominant. A combination of 
both quantitative and qualitative isolate-specific resistance mechanisms was found in a study 
on the Arabidopsis-Hpa interactions [136] and other pathosystems [161]. The importance of 
the combination of qualitative and quantitative resistance was demonstrated in a study on 
the resistance-breaking capacity of Potato virus Y (PVY) in pepper, where the strong effect 
R-gene PVR23 was not overcome by PVY when it was combined with smaller-effect resistance 
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QTL, but it was overcome in the PVR23-only situation [162]. 
Our results show that downy mildew resistance loci in C24 can be dominant, codominant and 
recessive. Genetically-controlled resistance in many previously studied interactions between 
Arabidopsis and downy mildew is mediated by dominant R-genes with NBS-LRR domains 
[138]. We cannot  exclude that a classical R-gene confers resistance in a codominant manner, 
e.g. when one copy of the R-gene leads to pathogen detection and defense activation to a 
level that is not sufficient to induce a strong immune response. This could be due to dosage of 
the R-protein, epistasis by modifiers at other genetic loci in the plant genome, or effectors of 
the pathogen that suppress the immunity. There are also examples of recessive forms of Hpa 
resistance, e.g. mutants downy mildew resistant 1 and 6 [109, 110, 119], rar1 suppressors 
1 and 2 [111]. The corresponding wild type genes (that might be considered susceptibility 
genes) encode for proteins with predicted metabolic activities. Future cloning of the genes 
underlying some of the C24 QTL will reveal the mechanisms of resistance and might explain 
their mode of inheritance.
In addition to BSR against downy mildew, caused by the oomycete pathogen Hpa, Arabidopsis 
C24 has complex resistance to the powdery mildew fungus Golovinomyces orontii [163], 
dominant resistance mediated by the RCY1 gene effective against CMV(Y) [154], and 
dominant resistance to Pseudomonas syringae pv. tomato DC3000 (unpublished data from 
our lab). Resistance of C24 to a surprisingly broad spectrum of biotrophic and hemibiotrophic 
pathogens raises questions about evolution of C24 defense mechanisms. The so-called 
evolved recycling polymorphism model [164] suggests that in plant populations there is 
extensive proliferation of resistance genes, and, as a result, a pool of constantly appearing 
“unused” resistance specificities is always present. BSR of C24 could be the result of such 
proliferated new resistance specificities 
Our study demonstrates that BSR of C24 to downy mildew is compound and depends on 
combinations of isolate-specific loci; some of the loci contribute to the resistance against only 
one of three isolates, but others confer resistance to two Hpa isolates. This is not unique to 
C24 as similar mechanisms were found in other pathosystems, such as rice - fungal blast 
disease [133], Medicago truncatula - oomycete pathogen Aphanomyces euteiches [134], 
pepper – potyviruses [165], bread wheat – tan spot disease [166], barley – powdery mildew 
[167], potato – late blight disease [168]. In these examples, as well as in our study, there was 
at least one QTL which conferred resistance to several pathogen isolates, but these broad-
resistance QTL were found in combinations with other isolate-specific QTL. Unfortunately, in 
the mentioned studies the identified multiple QTL were not cloned. The Arabidopsis C24 – 
downy mildew pathosystem allows a detailed genetic and genomic analysis of complex BSR 
in plants.
Ongoing fine-mapping and cloning of the identified Hpa resistance QTL in Arabidopsis C24 is 
expected to lead to the cloning of susceptibility- and immunity-related genes that will improve 
our understanding of the molecular mechanisms and evolution of complex resistance in plants.
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Supporting Information

Table S1. Primers and probes used in the study

Name of the sequence 5’->3’ Comment

Probe_HpACT CGCGATTGTGCGTTTGGATCT 6FAM->BHQ1, E=97% 
(r2>0.999)

Probe_AtACT2 AGGTCGTTGCACCACCTGAAAGG YAKIMA YELLOW->BHQ1, 
E=93% (r2>0.999)

HpACT_Fw GTGTCGCACACTGTACCCATTTAT -

HpACT_Rv ATCTTCATCATGTAGTCGGTCAAGT -

AtACT2_AT3G18780_Fw AATCACAGCACTTGCACCA -

AtACT2_AT3G18780_Rv GAGGGAAGCAAGAATGGAAC -

At5g19840_Fw TCTTAACGCTGGTGATGCAG E=101% (r2>0.998)

At5g19840_Rv TCCATGTGTTCAGGCATGTT

PR-1_Fw GGTTCCACCATTGTTACACCT E=100% (r2>0.999)

PR-1_Rv GAACACGTGCAATGGAGTTT

F21B7_Fw TCACGTGTTTGTGGGTCAAT indel marker for qtl1.1

F21B7_Rv ATTGTGCGTGGCCTTTTTAG

F20D23/T13M22_Fw TCTCCGCATCTTGATCATTG indel marker for qtl1.2

F20D23/T13M22_Rv CGCAAAAAGCTGAAGAACAA

F16M22_Fw AAGAGCATAAGGAGCTCATGAAA indel marker for qtl1.3

F16M22_Rv TCAGTTAGTGCCTTGTTCTTGG

ciw12_Fw AGGTTTTATTGCTTTTCACA indel marker for qtl1.4

ciw12_Rv CTTTCAAAAGCACATCACA

MOB24_Fw TTTAAACCGGCGAACTCTGA indel marker for qtl3.1

MOB24_Rv TGTGCATCATCCGAGGTAAA

T10D7_Fw AAAAACAAAATAATCTCACGGTTT indel marker for qtl3.2

T10D7_Rv CTCCATTATTCCATGCATTTTT

FCAALL_Fw TTGCTTGCTCTCAACGCTTA indel marker for qtl4.1

FCAALL_Rv GCCGTGGCGTAGTAGTTTGT

MQD19_Fw AACCCTACAAAAACCCCAAAA indel marker for qtl5.1

MQD19_Rv CGATGATCACAGTAACGATTATCC

Notes S1. Optimization and conditions for TaqMan® based Hpa quantification in Ara-
bidopsis
TaqMan® qPCR for quantification of Hpa and Arabidopsis DNA in a single tube was performed 
on ABI 7900HT Fast Real-Time PCR System instrument with the following conditions: 95°C 
for 10 min followed by amplification 40 steps 95°C – 10 sec 60°C – 1 min. Master mix is 
presented in SI Table 2.
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Table S2. Master mix for TaqMan® based quantification of Hpa growth in Arabidopsis

component final concentration concentration of stock in 25 ul

mQ 2.75

TaqMan® Universal PCR Master Mix 
without AmpErase® UNG

1x 2x 12.5

Actin primers mix 300 nM 10 uM each 0.75

Actin probe mix (in TE) 200 nM 10 uM each 0.5

MgCl2 3.5 mM 25 mM 3.5

sample DNA in mQ varies up to 10 ng/ul 5

total - - 25

Detection of the fluorescent signal was done with filters for 6-FAM and VIC (for YAKIMA-
YELLOW). Since we used BHQ1 quencher to reduce background fluorescence from the 
probes (SI Table1), ‘no quencher’ setting was applied instead of the default TAM quencher. 
During optimization we tried a range of MgCl2 concentrations from 1.5 to 9.5 mM. The highest 
efficiency for each primer-probe combination was achieved with the concentration 9.5 mM, 
therefore this concentration was used later. Then, with these PCR conditions we tested 
efficiency of the assay with different amount of DNA per reaction (SI Figure 1). The signal could 
be detected with 25-50 pg of downy mildew and Arabidopsis DNA in a reaction. The highest 
amount of DNA was around 70 ng per reaction and we did not observe signs of the reaction 
inhibition. Therefore routinely DNA concentration of the samples was not measured. Efficiency 
of the Hpa reaction (probe+2 primers) was 97%, for Arabidopsis 93%. In case of multiplexing 
when the concentration of Hpa DNA changed but the concentration of the Arabidopsis DNA 
remained constant, the efficiency of the Hpa probe reached 110% (r2=0.999) (SI Figure 1).

Figure S1. Optimization of the TaqMan® assay for quantification of Hpa growth on 
Arabidopsis. (a) Hpa actin probe, labeled with the reporter dye 6-FAM and a quencher of 
Black Hole type (BHQ1), had efficiency 97% (r2>0.999) in the reaction only with Hpa Waco9 
spore DNA (blue line). Arabidopsis ACT2 probe, labeled with YAKIMA YELLOW as a reporter 
dye and BHQ1 as a quencher, had slightly lower efficiency 93% (r2>0.999) in the reaction 
only with Arabidopsis Col-0 DNA (red line). (b) When the concentration of Hpa was changed 
while keeping Arabidopsis constant, efficiency reached level of 110% (r2>0.999), that is 
suitable for the practical application.
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Notes S2. QTL mapping in a population of RILs Col-0xC24
QTL mapping of C24 resistance to downy mildew Waco9 was performed in R/qtl software 
[147] with ΔCt values from the TaqMan® assay as input in a population of 75 RIL Col-0xC24. 
Standard interval mapping revealed one significant QTL on chromosome 5 with double peak 
(SI Figure 2).
In composite interval mapping we did not confirm presence of the second peak at qtl5.1. 
Instead, we could find three additional QTL on chromosomes 1 and 3. Positions of all 4 QTLs 
were refined with refineqtl() method, and effects of these QTL with refined positions were 
estimated with fitqtl() function. 1.5-drop-off support intervals were determined with lodint() 
(Table S3).

Table S3. Estimates of QTL effects

QTL before refining QTL positions after refining QTL positions support 
interval, 
cM

QTL posi-
tion

LOD % var F - t e s t 
p-value

QTL position LOD % var F - t e s t 
p-value

qtl1.1 1@4.7 0.41 1.6 0.176 1@9.0 2.4 7.9 0.001 0-17

qtl1.2 1@22.8 2.6 10.7 <0.001 1@20.4 3.9 13.2 <0.001 17-27

qtl3.1 3@24.9 1.5 6.2 0.010 3@38.2 1.9 6.1 0.004 0-50

qtl5.1 5@54.8 5.7 26.4 <0.001 5@60.1 9.9 41.1 <0.001 55-63

Figure S2. LOD profile of interval mapping of C24 resistance in RILs Col-0xC24. Standard 
interval mapping (blue line) identified only one significant QTL on chromosome 5 between 
markers V.102 and V.104 (1.5-drop-off interval) with max LOD=6.3 at V.103a (p<0.004). 
Composite interval mapping (red line) with three covariates (green dots) selected by forward 
approach identified several additional QTLs. Positions of 4 peaks with the highest LOD 
scores were used to refine their positions and get estimates of explained variance and 
support intervals with multiple QTL mapping functions such as refineqtl(), fitqtl() and lodint().



33

To check for the possible interactions between identified loci, we used fitqtl() function allowing 
interactions between QTLs. The lowest p-value, though not significant (p=0.09), was found for 
interaction between qtl1.2 and qtl3.1 (Figure S3). Analysis with QTLNetwork software [148] 
confirmed the presence of the interaction with slightly higher significance (p=0.02).

Figure S3. Interaction plot for qtl1.2 and qtl3.1. The interaction between qtl1.2 (LOD peak 
at marker I.6) and qtl3.1 (peak at III.54), examined with fitqtl() method, appeared to be 
not significant (p=0.09), however, it indicated presence of small epistatic effects. In the 
interaction plot, RILs with genotype Colqtl1.2 C24qtl3.1 are expected to have higher Ct value 
(to be more resistant) than it was observed in case of only-additively acting QTL, i.e. the red 
and blue lines should be parallel. Instead, plants with genotypes Colqtl1.2 C24qtl3.1 and 
C24qtl1.2 C24qtl3.1 had similar levels of susceptibility to downy mildew. Although in case of 
a strong interaction, one would expect that the red and blue line cross each other.
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QTL mapping of C24 resistance to several downy mildew isolates in the population of 
Col-0 ILs

Table S4. Results of mapping of C24 resistance and susceptibility loci in the population of Col-0 ILs

QTL Col-0 IL

Spore count, spores/seedling

Significance of difference 
between Col-0 and IL 
(LSD-test p-value) Remark

Waco9 Emco5 Noco2 Waco9 Emco5 Noco2

qtl1.1 N 29/6/3 5296 3522 3833 ns ns ns

 N 32/1/2 4444 2911 2189 ns ns ns

qtl1.2 N 2/11/6 4925 2966 155 ns ns 0.00

contains 
qtl1.4

 N 87/12/10 4161 3022 255 0.00 ns 0.00

 N 87/12/12 3685 2700 133 0.02 ns 0.00

 N 38/6/12/12 3657 3422 2755 0.02 ns ns

 N 38/6/12/14 5009 3311 3022 0.00 ns ns

 N 38/6/8/5 3895 3711 2800 0.01 ns ns

 N 54/7/10/5 4409 3755 2966 0.00 ns ns

 N 54/7/4/8 4074 3333 2766 ns ns ns

 N 54/7/5/5 4295 not tested not tested 0.00 NA NA

 N 87/2/7/8 5259 not tested not tested ns NA NA

qtl1.3 N 21/6/7 4259 not tested not tested ns NA NA

 N 42/2/7 5370 3100 2166 ns ns ns

 N 74/4/8 5148 not tested not tested ns NA NA

qtl1.1+
qtl1.3 N 29/11/1 703 2111 2611 0.00 ns ns

qtl1.4 N 2/11/6 4925 2966 155 ns ns 0.00

qtl3.1 N 52/2 1740 44 55 0.02 0.00 0.00
contains 
qtl3.2

 N 63/14 1925 426 3088 0.03 0.00 ns

qtl3.2 N 67/5 3555 0.1 77 ns 0.00 0.00

 N 21/3/14 3814 55 44 ns 0.00 0.00

qtl4.1 N 68/5 1666 2477 1833 0.02 ns ns

qtl5.1 N 2/13/4 333 411 2400 0.00 0.00 ns

Col-0 4074 3233 3150 NA NA NA

 Col-0 1571$ 3333@ NA NA NA NA

 Col-0 5333% NA NA NA NA NA
*results of the LSD test are presented only for one of several independent experiments
**Although IL N 2/11/6 and N 87/2/7/8 contain qtl1.2, they were not more susceptible to Waco9 in any of 
the experiments
***ns – not significant (LSD p>0.05); NA – line was not tested
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****experiments with Waco9 and most of IL containing qtl1.2 were performed at 5 dpi in order to see dif-
ferences between the ILs and Col-0 more clearly; line N87/12/10 was included in the screen at 6 dpi as 
well and the corresponding p-value is presented in the main text Table 3.
$ Col-0 value corresponds to ILs in the green cells; the experiment with Waco9 was performed at 5 dpi 
% Col-0 value corresponds to ILs in yellow cells (Waco9)
@ Col-0 value corresponds to ILs in the green cells (Emco5)

Effect of RCY1 on resistance of Arabidopsis C24 against downy mildew

Figure S4. HA-tagged RCY1 is expressed in the tested Col-0 transgenic line #12. Wild type 
plants Col-0 mock-treated (lane 1) and infected (lane 3) with Waco9 do not show any signal 
on the western blot. The transgenic line #12 expressing RCY1 tagged with HA has detect-
able level of RCY1 expression with (lane 2) and without (lane 4) infection.

Figure S5. Expression of PR-1 in non-infected but water-sprayed Col-0, C24 and ILs. 
To estimate whether increased expression of PR-1 in non-infected C24 has an effect on 
downy mildew, we measured PR-1 expression in Col-0 ILs which contained C24 resistance 
QTLs and compared these levels to Col-0. It appeared that none of the tested ILs had 
elevation in PR-1 compared to Col-0 (LSD p>0.25, n=6) demonstrating that the increased 
PR-1 expression is not linked to downy mildew resistance in C24. Error bars on the figure 
represent ± one standard deviation. The experiment was performed two times with three 
replicates in each experiment.
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Arabidopsis accession C24 revealed by whole genome 
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Abstract
Resistance of plants to infectious diseases can be a complex trait controlled by several 

genetic loci. Arabidopsis accession C24 has broad-spectrum resistance to downy 
mildew caused by the biotrophic oomycete pathogen Hyaloperonospora arabidopsidis 
(Hpa). Different combinations of multiple isolate-specific loci mediate this resistance. 
Interestingly, the immune response of C24 to Hpa isolate Waco9 is quantitative, a form 
of resistance that is still poorly understood. The goal of this study was to find the major 
C24 loci controlling this quantitative resistance. For that, we developed a population of 
partially susceptible C24 backcross lines with introgressed loci from the susceptible 
accession Col-0. These lines were analyzed by whole genome sequencing revealing 
two loss-of-resistance loci. Next, analysis of F2 segregants and introgression lines 
confirmed that these two loci correspond to the previously identified qtl1.3 and qtl5.1. 
We demonstrate that these loci interact to confer full resistance of Arabidopsis C24 
to Hpa. Our results reveal a genetic mechanism that could underlie other examples of 
quantitative disease resistance of plants.

Introduction
Pathogenic microorganisms interfere with host plant processes affecting many physiological 
functions contributing to disease. However, innate immunity of plants restricts pathogen growth 
and development. Although single-gene based mechanisms of plant disease resistance are 
well known and studied [5, 120], frequently resistance in natural populations is a multigenic 
trait. There are many examples where genetic mapping of resistance in different plant 
species against diseases caused by biotrophic, hemibiotrophic or necrotrophic pathogens 
typically revealed 2-3 major loci [169, 170]. Notably, even in the case of single-locus based 
resistance, several tightly linked genes might be responsible for plant immunity. For instance, 
the nematode resistance locus Rhg1 in soybean includes tandem repeats of three genes, and 
the three genes all contribute to confer soybean immunity [171].
Genetic mapping of multigenic traits is often performed in bi-parental mapping populations, 
e.g. populations of di-haploids, recombinant inbred lines (RILs), introgression lines (ILs), 
backcross (BC) and F2 and F3 segregating families derived from crosses of two parents that 
differ in phenotypic trait of interest. These methods are successfully used in different plant 
species to estimate the number of loci involved, their approximate location, and interactions 
between them. Unfortunately, low mapping resolution achieved with these populations 
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does not allow identifying the underlying genes. To overcome the problem of low resolution 
mapping, advanced generation intercross mapping populations could be used as well. In 
Arabidopsis thaliana (further referred to as Arabidopsis) multiparental advanced generation 
intercross (MAGIC) lines were obtained by crossing 19 founder natural accessions with each 
other followed by intercrossing of the obtained progeny for several generations. According 
to simulation studies, these MAGIC lines are expected to provide a mapping resolution of 
around 300 kb that corresponds to 50-100 genes in Arabidopsis [172]. Higher resolution 
mapping was achieved in the nested association mapping (NAM) panel of maize. The NAM 
population consists of 25 RIL sets of 200 lines each derived from crosses of 25 diverse maize 
accessions with the reference line B73 [173]. This population was used to identify candidate 
genes linked to and associated with resistance to the northern and southern leaf blight 
disease in maize [174, 175]. Mapping with association panels of natural accessions enables 
high-resolution mapping of QTL too, e.g. up to individual genes in the case of Arabidopsis 
[176] or even to polymorphisms within a gene in maize [177, 178]. For example, a maize 
association mapping panel consisting of 253 inbred lines allowed the identification of alleles 
of a glutathione S-transferase gene associated with moderate levels of resistance to three leaf 
fungal pathogens [177]. Combinations of different mapping procedures are frequently used 
in QTL mapping. For instance, susceptibility of wheat to the necrotrophic fungi Stagonospora 
nodorum and Pyrenophora tritici-repentis caused by plant sensitivity to the toxin ToxA was 
first fine-mapped to a region of ~ 350 kb; this region was predicted to have six genes, and 
candidate-gene association mapping in a set of varieties further identified the Tsn1 gene 
which encodes for a nucleotide binding site – leucine-rich repeat (NB-LRR) domain containing 
kinase [124, 166].
Whole-genome sequencing (WGS) and the availability of algorithms for sequence data 
analysis now provide excellent opportunities for gene mapping. One of the straightforward 
applications is gene mapping in mutagenized populations. The frequently used mutagen ethyl 
methanesulfonate (EMS) mainly leads to G/C-to-A/T transitions in DNA (>99% in Arabidopsis), 
which might cause alteration in phenotypic traits of interest [179, 180]. Identification of a causal 
mutation could be achieved by crossing mutants with a non-mutagenized line, selecting 
individuals with the mutant phenotype from the segregating population, their sequencing, 
and selecting EMS-induced mutations shared by the selected mutants [181-183]. WGS-
based gene mapping was also applied to identify intervals with candidate genes underlying 
phenotypic variation among natural accessions of animal and plant species, e.g. in fruit flies 
[184] and rice [185]. One of the mapping approaches is based on backcrossing with selection 
in each BC generation. For example, the fruit fly species Drosophila simulans and D. sechellia 
have different food preferences: morinda fruits are toxic for the first species but represent a 
suitable feeding substrate for D. sechellia. By backcrossing D. sechellia to D. simulans for 
fifteen generations and selecting for morinda-lovers in each BC, the chromosome segments 
of D. sechellia responsible for the dietary preference were introgressed into the D. simulans 
genetic background. These introgressions were further identified by WGS and silencing of 
individual genes revealed the underlying genetic loci [184].
The genetically tractable model plant Arabidopsis [186] is widely used to study plant immunity 
and susceptibility to pathogen infection. In particular, the interaction with the biotrophic 
oomycete pathogen Hyaloperonospora arabidopsidis (Hpa), causing downy mildew, is a 
powerful pathosystem to study plant resistance and susceptibility to diseases [118]. Natural 
Arabidopsis accessions are typically susceptible to a number of downy mildew isolates [136], 
however, accession C24 is immune against all tested isolates of Hpa [139]. Previously, using 
QTL mapping, we showed that broad-spectrum resistance of C24 against downy mildew 
is multigenic and mediated by different combinations of isolate-specific resistance loci. 
Importantly, resistance of C24 to the downy mildew isolate Waco9 is influenced by six different 
loci, and not a single of these loci confers full resistance [94]. The aim of this study was to 
identify and fine-map the major C24 loci that control quantitative resistance to the Hpa isolate 
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Waco9.
For fine-mapping of the C24 resistance QTLs, we developed independent BC5 lines of C24 
with introduced susceptibility loci from accession Col-0. In every BC generation, for each 
independent BC population we selected a seedling susceptible to Waco9 and backcrossed it 
again to C24. WGS of the resultant susceptible BC5 lines revealed two major resistance loci on 
chromosomes 1 and 5. Analysis of ILs and their hybrids confirmed that, whereas individually 
each locus only provides partial resistance, the combined C24 loci confer strong resistance to 
Hpa isolate Waco9. Our data demonstrate that epistasis, or genetic interaction, between the 
two C24 alleles provides a strong quantitative form of resistance, and ongoing fine-mapping 
and further functional analysis of causal genes might explain the molecular basis of genetic 
interactions contributing to disease resistance in other plant species.

Materials and methods
Plant material and growth
Arabidopsis thaliana (L.) Heyhn (referred to as Arabidopsis) mutant flc3 in the Col-0 background 
was obtained from dr. M. Proveniers (Molecular Plant Physiology group, Utrecht University). 
C24 introgression lines in Col-0 background (referred to as Col-0 ILs), Col-0 introgression lines 
in C24 background (referred to as C24 ILs), and their genotype information were described 
previously [140, 141]; the lines were provided by dr. R.C. Meyer (IPK, Gatersleben, Germany). 
Correspondence between IL codes used in the current study and in the studies [142] and [135] 
is as follows: Col-0 IL N17 is N 29/11/1, Col-0 IL N38 is N 2/13/4, Col-0 IL N41 is N 21/6/7, 
C24 IL M02 is M 31/8, C24 IL M54 is M 37/7/1/6. Plants were grown at 21˚C under long day 
conditions (16h light/8h dark, light intensity 100 µmol/m2/sec).

Downy mildew infection assays and quantification
The downy mildew Hyaloperonospora arabidopsidis (Gäum.) Göker, Riethm., Voglmayr, Weiss 
& Oberw. (Hpa) isolate Waco9 was maintained as described previously [109]. All infection 
assays were performed on eleven-day-old seedlings at 16˚C under short day conditions 
(9h light/15h dark, light intensity 100 µmol/m2/sec, relative humidity 100%) with a standard 
inoculum density of 50 conidiospores/µl. The level of resistance of different genotypes was 
estimated by counting spores and expressed as number of spores per mg of fresh weight. 
Each experiment was repeated at least two times with at least three replicates per genotype.
For the segregation analysis in a F2 population C24xCol-0 flc3, seedlings were scored 
resistant if they did not have a single conidiophore on their true leaves and cotyledons up 
to 9 days post inoculation (dpi), otherwise they was scored susceptible. For the backcross 
populations, seedlings were scored resistant if they contained no conidiophores on their true 
leaves or cotyledons at 8 dpi.

Development of backcross (BC) lines
The resistant parent C24 was used a maternal plant to prevent occurrence of susceptible BC 
plants due to self-pollination. As a donor of susceptibility, the Col-0 flc3 mutant was utilized 
instead of the wild type Col-0 to eliminate appearance of late-flowering plants [187]. Fifty BC1 
seedlings susceptible at 5 to 8 dpi from the segregating BC1 population C24x(C24xCol-0 
flc3) were backcrossed to C24. Our previous QTL mapping study showed that C24 resistance 
against Waco9 is linked to five independent loci [94], therefore the chance of finding plants 
heterozygous for all five loci is (½)2=0.03, giving 150x0.03≈5 susceptible seedlings in a 
population of 150 BC plants. Therefore, for each BC line in each round of BC, a minimum 150 
hybrids seeds were derived from crosses with C24. The level of susceptibility and the number 
of susceptible plants in the BC populations was reducing from one BC generation to another, 
therefore an additional set of BC lines was developed. Additional 67 susceptible plants were 
selected from several BC2F2 or C24xBC2F2 populations (SI Figure 2).
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DNA isolation
Approximately 100 mg of leaves and shoots of a single plant from each BC5 line was ground 
in liquid nitrogen and used for a two-step DNA isolation. In the first step, DNA was isolated with 
the CTAB-based method without RNase A treatment [145]. The pellet was then dissolved in 
milliQ water (10 MΩxcm) and used for a subsequent purification step using the DNeasy Plant 
mini-kit (Qiagen, Hilden, Germany). Concentration and quality of DNA was estimated with the 
standard spectrophotometric A260 method. Measured concentration, size and integrity of the 
isolated DNA was examined on 0.7% agarose gel (A9539, Sigma-Aldrich, MO, USA). The 
final pooled DNA sample included 150 ng of DNA from each of 48 individual BC5 lines. F2 
plants and other hybrids and lines were routinely genotyped on DNA isolated with the sucrose 
method [188].

SOLiD library preparation and sequencing
Preparation of SOLiD libraries was performed as described previously [189]. The derived 
library was sequenced on the AB/SOLiD sequencer (Life Technologies, UK) with V3 chemistry 
according to the manufacturer protocol to produce 50 bp reads.

Filtering of the sequence data and alignment to the reference Arabidopsis genome
SOLiD sequence data analysis, alignment of sequences to the Arabidopsis genome (TAIR10), 
SNP and indel calling was performed as described in [190]. Raw and analyzed sequence data 
are available upon request.

Localization of putative C24 resistance loci based on sequence data
For analysis of the sequencing data only SNP calls with coverage >=80 and <=250x were 
considered (median coverage 136x). To determine chromosome regions with a percentage 
of non-reference reads (PNR) significantly different from the average chromosome level, a 
method similar to the sliding window approach used by Earley and Jones [184] was employed. 
With this method, bins of 1000 adjacent SNPs were selected and a Wilcoxon test was applied 
to determine whether the PNR level in each bin is different from the PNR of 1000 randomly 
selected SNPs on a given chromosome. The obtained p-values were adjusted with the false 
discovery rate method [191] (FDR adjusted p-values are called q-values). Since q-values are 
dependent on a control sample of SNPs randomly selected across a chromosome, this test 
was performed with 100 different random control samples. A mean of the –log(q) values for 
every SNP bin was then used as an indicator of whether this SNP bin was selected during 
BC. In the second test to infer the intervals of the resistance loci more precisely, a region 
containing SNP bins with q<0.001 as determined with the first test was divided on overlapping 
bins of 1000 SNPs (step 50 SNPs). Then a Wilcoxon test with FDR correction was performed 
to check the significance of difference in PNR levels between all these bins. After such 2D 
scan neighboring bins with non-significant differences in PNR levels were considered as one 
introgression block (in general q>0.001). The analysis was performed in the R environment 
[192]. Graphical visualization was done with the packages lattice [193] and gplots [194].

Validation of WGS-identified loci
Inferred borders of the C24 loss-of-resistance loci on chromosomes 1 and 5 were used as 
guides for developing markers and for further validation of candidate loci by genotyping of each 
BC5 line individually. Indel and SNP markers were developed based on sequence alignments 
from our sequence data, the MSQT database [195] and a published reference-guided C24 
genome assembly [196]. Generally, genotyping with SNP markers was performed with high-
resolution melting curve analysis on the LightScanner® (Biofire, Utah, USA) (for details check 
SI Note 1, SI Table 2). Details on the used genetic markers are presented in SI Table 1. Based 
on the genotyping data, the percentage of C24 alleles in the population of 48 BC5 lines was 
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calculated for each tested polymorphic position. Primers sequences and other information for 
centromeric and pericentromeric markers on different chromosomes are shown in SI Table 1.

Results
Identification of two major resistance QTL by whole-genome sequencing of BC lines
To find the major QTL responsible for resistance of Arabidopsis C24 to the downy mildew 
isolate Waco9, we applied a backcross (BC) approach coupled to high-throughput whole 
genome sequencing (Figure 1). For this, we crossed the resistant accession C24 with the 
Col-0 flc3 mutant, which is susceptible to Hpa Waco9. We used the flc3 mutant to eliminate 
late-flowering plants that segregate in a cross between C24 and Col-0 due to presence of the 
functional alleles of FLOWERING LOCUS C and FRIGIDA in Col-0 and C24, respectively 
[187]. Susceptibility of the flc3 mutant to Hpa Waco9 did not significantly differ from that of 
the wild type Col-0 (t-test p=0.21, SI Figure 1a), nor did the FLC3 locus co-segregate with 
resistance to Waco9 in a F2 population derived from a C24xCol-0 flc3 cross (χ2-test p=0.28, 
51 fully resistant seedlings). Thus, the flc3 mutation was not expected to affect results of 
the BC mapping approach. C24xCol-0 flc3 F1 hybrids were intermediately susceptible to the 

Figure 1. Backcross (BC) approach for mapping of C24 resistance loci. Arabidopsis Col-0 
is susceptible to Hpa isolate Waco9, and the accession C24 has several loci responsible for 
its full resistance to this pathogen. For fine-mapping of the C24 resistance loci, we aimed to 
develop multiple independent BC lines in C24 background with introduced susceptibility loci 
from Col-0. For that in each BC generation, we selected a seedling which was susceptible 
to Waco9 and cross again back to C24. The 48 susceptible BC5 lines were used for whole 
genome sequencing in order to identify the introduced susceptibility loci. In our mapping 
approach, resistance loci of C24 were expected to be heterozygous for Col-0 alleles in 
all or majority of BC5 plants, but other loci on the genome - mostly homozygous for C24 
alleles. Thus, at the resistance loci percentage of C24 sequence reads should be 50%, 
and at other loci, not linked to resistance, the background level of PNR - close to 100% 
((1/2)5x100%=3%).
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Hpa isolate Waco9 (SI Figure 1b). The incomplete dominance of C24 resistance loci enables 
selection for susceptibility when the loci are heterozygous. The F1 hybrids were backcrossed 
to the resistant C24 parent resulting in a BC1 population segregating for susceptibility to Hpa 
Waco9. We selected 50 susceptible BC1 plants and crossed them again to C24. Backcrosses 
and selection for susceptibility were performed in each subsequent BC generation until we 
obtained BC5 lines that were partially susceptible to Hpa Waco9. Additional 67 lines were 
selected from BC2F2 and BC3 generations and further backcrossed to the BC5 generation 
to increase the total number of individual susceptible BC5 lines (SI Figure 2). In total, 48 BC5 
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Figure 2. Identification of heterozygous loss-of-resistance loci in the C24 backcross 5 (BC5) 
lines. (a) After quality control, sequence reads from the whole genome sequencing of C24 
BC5 were aligned to the Col-0 reference genome. At each single nucleotide polymorphism 
(SNP) position with coverage 80-250x, percentage of non-reference reads (PNR) was 
calculated and plotted across all chromosomes. Two regions with reduced average PNR 
levels were detected on chromosomes 1 and 5 (vertical arrows) suggesting presence of 
resistance loci. (b) Results of the statistical analysis of the PNR values plotted on the panel 
(a). Locations of the putative resistance loci were roughly estimated via sliding window 
approach described by Earley and Jones (2011) [184] with modifications. The –log10 of 
the false discovery rate q shows how significantly the average PNR level in a bin of 1000 
adjacent SNPs differs from the average PNR level on a given chromosome. Grey bars on 
each chromosome correspond to the genetically determined borders of centromeres (SI 
Table 3 based on [198]). The most significant deviation of local PNR values from the average 
on a chromosome was found around all centromeres and on the lower arm of chromosomes 
1 (ca. 12.9-26.4 Mb) and 5 (ca. 8.8-18.5 Mb) (q<0.001).
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lines were generated that had lost full resistance to the downy mildew isolate Waco9.
Next, we pooled equal amounts of DNA isolated from each of the 48 BC5 lines, prepared a 
sequencing library, and performed whole genome sequencing using AB/SOLiD technology. 
After stringent quality control, more than 4x108 sequence reads of ~50 nucleotides long were 
aligned to the Col-0 reference genome (version TAIR10 [197]) corresponding to a mean 
coverage of 173 fold. From the aligned sequences, we inferred the percentage of reference 
and non-reference reads at each detected single nucleotide polymorphism (SNP) locus with 
a coverage of 80 to 250 fold (Figure 2a). As the sequenced DNA was obtained from BC5 
plants, the percentage of non-reference reads (PNR) is expected to be (½)6x100%=98.5% for 
non-selected loci, i.e. those that do not affect susceptibility. Selection for loss of susceptibility 
would result in a reduction of the PNR at the contributing loci. A strong reduction in the PNR 
was observed on the lower arms of the chromosomes 1 and 5, suggesting that heterozygosity 
at two loci in C24 is sufficient to lose full resistance to the isolate Waco9 (Figure 2a). The PNR 
was also strongly reduced in centromeric and pericentromeric regions of all five chromosomes, 
possibly as a result of the incorrect alignment of reads to repeats in these regions. To test this 
idea, we genotyped the 48 sequenced BC5 plants for a marker in the centromeric region of 
chromosome 4 (SI Note 2). The percentage of C24 alleles at this position was determined to 
be 98%, suggesting that the reduction in PNR at the centromeric and pericentromeric regions 
is indeed an artifact. Genotyping of the 48 lines with markers for the pericentromeric regions 
of chromosomes 1 and 5 showed a PNR of ~87% that might be caused by linkage to the 
potential major loss-of-resistance loci on the lower arms of these chromosomes (SI Note 2). 
Our analysis, therefore, indicates that heterozygosity at the two loci on chromosomes 1 and 5, 
i.e. the presence of the Col-0 alleles, resulted in loss of resistance of the BC5 lines.
To determine the chromosomal position of the two identified loci with more precision, we 
analyzed the sequence mapping results using a modified sliding window-based procedure 
[184]. Briefly, the entire chromosome was divided into overlapping bins of 1000 adjacent SNPs, 
and for each bin the PNR level was compared to the PNR of 1000 randomly sampled SNPs 
on that chromosome. If a locus is selected during backcrossing or linked to the locus under 
selection, one expects that the mean PNR for this locus is lower than the mean PNR for the 
entire chromosome. Significant reduction of PNR (using a Wilcoxon test) was confirmed at the 
loci on the lower arms of the chromosomes 1 (ca. 12.9-26.4 Mb) and 5 (ca. 8.8-18.5 Mb) (false 
discovery rate q<0.001) (Figure 2b). Although the significance test helped to identify intervals 
with reduced PNR, it did not allow the selection of the smallest introgressed region shared 
by the sequenced BC5 lines within these intervals. Therefore, we performed an additional 
analysis specifically for the intervals on the lower arms of chromosomes 1 and 5 found in the 
first analysis. In this additional analysis, the significance of differences in the PNR between all 
pairs of SNP bins within the indicated intervals is determined, and not between the bins and 
the mean chromosomal PNR level. Adjacent bins with non-significantly different PNR values 
are suggested to belong to one introgression block in our BC5 lines (Figure 3, dash lines on 
the lower panels). The smallest introgressed block shared by the BC5 lines was positioned 
in the intervals 21.89-23.66 Mb on chromosome 1 and 15.56-17.32 Mb on chromosome 5 
(q>0.001).
The inferred locations of the candidate Col-0 susceptibility loci on chromosomes 1 and 5 
were refined by genotyping each of the 48 BC5 lines individually with a set of SNP and indel 
markers for the defined intervals. Based on the obtained genotype data we calculated the 
percentage of C24 alleles (SI Note 2, blue dots on Figure 3), and markers flanking intervals 
with minimal level of C24 alleles were considered as borders of the heterozygous loss-of-
resistance loci. With this method, the candidate loci could be mapped to the intervals 22,265-
23,083 kb and 16,406-16,994 kb on chromosomes 1 and 5, respectively (shown as blue bars 
in Figure 3). When all BC5 lines would be heterozygous for the loss-of-resistance loci the 
percentage of C24 alleles would be exactly 50%. The actual percentage of C24 alleles at the 
loss-of-resistance locus on chromosome 1 was 64.6%, whereas on chromosome 5 - 70.8% 
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(SI Note 2, SI Table 1) indicating that not all BC5 lines were heterozygous at these loci. The 
majority (44 of 48) of BC5 lines contained at least one heterozygous loss-of-resistance locus 
on chromosomes 1 or 5 (Table 1). Four lines were homozygous for C24 alleles at both loss-
of-resistance loci suggesting that other loci influence the susceptibility phenotype. This is 
not unexpected since we previously showed that C24 resistance to Waco9 is affected by at 
least five independent loci [94]. Overall, we conclude that two major candidate loci determine 
susceptibility of the analyzed BC5 lines that were derived from backcrossing the susceptible 
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Figure 3. Localization of the loss-of-resistance loci and validation of the inferred intervals on 
the chromosomes 1 (a) and 5 (b). Intervals for the loss-of-resistance loci on chromosomes 
1 (ca. 12.9-26.4 Mb) and 5 (ca. 8.8-18.5 Mb) were analyzed to infer location of the loci more 
precisely. Raw PNR values for individual SNPs within ca. 2.7 Mb intervals with maximum 
–log10 q values from the first analysis (Figure 2b) are plotted in red on upper panels of (a) 
and (b). PNR levels in the bins of 1000 adjacent SNPs were compared with each other 
within the intervals 12.9-26.4 Mb (chromosome 1) and 8.8-18.5 Mb (chromosome 5), and 
bins with non-significant differences in the PNR levels were considered as a single Col-0 
introgression block (-log10q≤3, blocks are shown in green). Based on these criteria, the 
smallest introgressed regions with the minimal average PNR corresponding to the loss-of-
resistance loci were found to be in the intervals 21.89-23.66 Mb on chromosome 1 and 15.56-
17.32 Mb on chromosome 5 (dash lines on the lower panels). The inferred intervals were 
checked by genotyping the backcross 5 (BC5) lines with a set of SNP and indel markers. 
Actual PNR values were calculated as 100-[#heterozygous lines/(#linesx2)]x100%, and they 
are shown as blue dots on the upper panels. The minimal PNR for the loss-of-resistance 
locus on chromosome 1 was 64.6% and for the chromosome 5 locus – 70.8%. Markers 
surrounding intervals with minimal PNR values, 22,265-23,083 kb and 16,406-16,994 kb on 
chromosomes 1 and 5 respectively (shown as blue thick bars), were regarded as borders of 
the heterozygous loss-of-resistance loci.
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accession Col-0 flc3 to the recurrent resistant accession C24.

Table 1. Allelic combinations at the loss-of-resistance loci in the population of C24 BC5 lines

Genotype at the loss-of-resis-
tance locus on chromosome 1

Genotype at the loss-of-resis-
tance locus on chromosome 5

Number of C24 BC5 lines

C24/Col-0 C24/Col-0 18

C24/Col-0 C24/C24 16

C24/C24 C24/Col-0 10

C24/C24 C24/C24 4

The identified C24 loci correspond to qtl1.3 and qtl5.1 and represent major resistance 
QTL
The two major loss-of-resistance loci identified with BC mapping appeared to overlap with 
two C24 QTLs, qtl1.3 and qtl5.1, revealed by QTL mapping with ILs and RILs and conferring 
resistance to Waco9 [94]. It suggests that qtl1.3 and qtl5.1 are major C24 resistance loci. 
It was expected for qtl5.1 since the C24 allele of this locus provided the highest level of 
quantitative resistance in Col-0 ILs, however the effect of qtl1.3 was not significantly different 
from effects of two other Waco9-specific resistance loci qtl3.1 and qtl4.1 [94].To validate 
that qtl1.3 and qtl5.1 are major C24 resistance loci, an independent genetic analysis was 
performed on a segregating F2 population from a C24xCol-0 flc3 cross. We genotyped 87 
F2 individuals fully resistant to the isolate Waco9 with polymorphic markers linked to the six 
previously mapped C24 resistance QTLs [94], including qtl1.3 and qtl5.1 (Table 2). There was 
strong linkage of qtl1.3 and qtl5.1 with resistance (χ2-test p<10-9, Table 2) showing that these 
are indeed the major C24 loci contributing to resistance to isolate Waco9. Notably, these loci 
appeared to overlap with the loss-of-resistance loci mapped with the BC approach. Of the 
remaining loci, one locus, qtl3.1, also showed linkage to resistance although much weaker 
compared to qtl1.3 and qtl5.1 (χ2-test p=0.003, Table 2). Lines with C24 introgressions in the 
Col-0 background at both qtl1.3 and qtl5.1 were generated by crossing ILs N17 and N41 (both 
have qtl1.3) with IL N38 (qtl5.1). Also, Col-0 introgressions of qtl1.3 and qtl5.1 were combined 
in the C24 background by crossing IL M54 (qtl1.3) and IL M02 (qtl5.1). The two Col-0 lines 
with the double introgression of qtl1.3 and qtl5.1 (F3 N41xN38 C10 and F3 N38xN17 95-1) 
showed a high level of resistance to Waco9, similar to the resistant accession C24 (Figure 4), 
demonstrating that the C24 alleles at qtl1.3 and qtl5.1 in Col-0 are sufficient to confer strong 
resistance to Waco9. The resistance of the double introgression lines is stronger than that of 
the parental lines with the single introgressions (Figure 4), suggesting that the C24 alleles at 
the two loci can function additively by regulating two independent resistance mechanisms or 
act epistatically by enhancing each other’s effect. The line A23 with qtl1.3 and qtl5.1 from Col-
0 in the C24 background was susceptible to downy mildew although it did not reach the level of 
susceptibility of Col-0 (Tukey HSD p=0.06, Figure 4). In contrast, the parental IL M02 (qtl5.1) 
and IL M54 (qtl1.3) had a strong level of resistance to Hpa Waco9 (Figure 4), suggesting that 
the Col-0 alleles of qtl1.3 and qtl5.1 genetically interact to confer susceptibility. Alternatively, 
the removal of one C24 QTL is not sufficient to significantly compromise resistance. Multiple 
lines of evidence, obtained from genetic analyses of BC5, F2 and double ILs, show that 
qtl1.3 and qtl5.1 are the major C24 resistance QTL against downy mildew isolate Waco9 that 
together confer strong quantitative resistance to this Hpa isolate.
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Table 2. Linkage of C24 resistance QTL to full resistance in a F2 population C24xCol-0 flc3

Resistance 
locus

Allele enhancing 
resistance

# plants ho-
mozygous for 
Col-0 allele

# heterozy-
gous plants 
Col-0/C24

# plants ho-
m o z y g o u s 
for C24 al-
lele

Deviation from the 
segregation 1:2:1

qtl1.1
(N=80)

C24 20 47 13 χ2=3.68, p=0.16

qtl1.2
(N=83)

Col-0 22 44 17 χ2=0.90, p=0.64

qtl1.3
(N=87)

C24 11 23 53 χ2=59.88, p=10-13

qtl3.1
(N=83)

C24 15 34 34 χ2=11.41, p=0.003

qtl4.1
(N=86)

C24 18 38 30 χ2=4.51, p=0.105

qtl5.1
(N=86)

C24 9 31 46 χ2=38.54, p=10-9

qtl1.3 is a partially dominant C24 resistance locus
Previously we showed that the C24 allele of qtl5.1 confers partially dominant resistance to 
Waco9, since the F1 hybrid N38xCol-0 was intermediately susceptible to the Hpa isolate 
compared to the parents IL N38 and Col-0 [94]. To test how qtl1.3 is inherited, we scored 
the resistance of the F1 hybrid between Col-0 IL N41 (C24 qtl1.3) and Col-0 (Figure 5). The 
F1 hybrids had significantly higher sporulation levels than IL N41 but less than Col-0 (Sidak 
test p<0.05 for both comparisons) clearly demonstrating that the C24 allele of qtl1.3 confers 
partially dominant resistance to the downy mildew isolate Waco9.
The intensity of sporulation of the F1 hybrid N41xN38 (both qtl1.3 and qtl5.1 are heterozygous) 
was not significantly different from the most resistant parent IL N38 (Sidak test p=0.88, Figure 
5). Accordingly, the F1 hybrids between IL M54 and M02 heterozygous for qtl1.3 and qtl5.1 in 
the C24 background had a very low level of sporulation similar to the parental lines M54 and 
M02 (Figure 5). It suggests that plants heterozygous for the two partially dominant loci qtl1.3 
and qtl5.1 are still able to mediate high but not complete immunity to Hpa Waco9 allowing for 
low sporulation levels. The conclusion that C24 resistance is compromised when qtl1.3 or 
qtl5.1 are heterozygous is also supported by the observation on the BC5 lines. Among the 48 
BC5 lines, which were selected as partially susceptible to Hpa Waco9, we found 18 lines with 
both heterozygous qtl1.3 and qtl5.1 as well as 16 lines heterozygous qtl1.3 but homozygous 
for C24 alleles at qtl5.1 and ten BC5 lines heterozygous qtl5.1 but homozygous for C24 alleles 
at qtl1.3 (Table 1)

Discussion
Broad-spectrum resistance of Arabidopsis C24 to downy mildew is a multigenic trait, and 
some of the resistance loci confer full dominant resistance to Hpa isolates Emco5 and Noco2. 
In contrast, resistance of C24 to the isolate Waco9 does not involve single dominant loci 
but rather five QTLs that contribute to full immunity [94]. Here, we applied a BC approach 
to fine-map the major C24 loci mediating quantitative resistance to Waco9. The susceptible 
Arabidopsis accession Col-0 was backcrossed to C24 to eliminate the resistance loci, and a 
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set of 48 susceptible BC5 lines was sequenced to identify the introgressed Col-0 susceptibility 
loci. WGS of the BC lines enabled the identification of two major loci of around 550-800 kb in 
size corresponding to the previously identified qtl1.3 and qtl5.1. Combination of C24 alleles at 
these loci in the Col-0 background conferred near-complete resistance to the isolate Waco9. 
Similarly, introgression of the Col-0 loci qtl1.3 and qtl5.1 in the C24 background rendered 
plants susceptible to this isolate. Thus, our BC approach coupled to WGS revealed the 
combination of qtl1.3 and qtl5.1 as being the major contributor to quantitative resistance of 
C24 to Hpa Waco9.

Advantages of the BC mapping
The backcross mapping with selection for susceptibility in each generation has several 
advantages. Firstly, recombination events occurring on every chromosome accumulate 
over several backcross generations that allows for higher mapping resolution compared to 
mapping populations of the same size not derived by multiple backcrossing or intercrossing 
(e.g. F2, RILs). The resolution obtained in the BC5 generation is comparable to that of 
multiparental advanced intercrossed populations, which provide support intervals of several 
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Figure 4. Resistance of Arabidopsis accessions C24, Col-0 and introgression lines with 
C24 and Col-0 alleles of qtl1.3 and qtl5.1 to the downy mildew Hpa Waco9 at 6 days post 
inoculation. Col-0 ILs N41 and N17 containing C24 introgression of qtl1.3 show partial 
resistance to downy mildew compared to Col-0. Similarly, Col-0 IL N38 with C24 qtl5.1 is 
partially resistant to Hpa Waco9 compared to the background parental line Col-0. The lines 
F3 N41xN38 C10 and F4 N38xN17 #95-1 have both qtl1.3 and qtl5.1 and are completely 
resistant to Hpa, however few conidiophores were occasionally observed. C24 ILs M54 
and M02 have Col-0 introgressions at qtl1.3 and qtl5.1 respectively. These lines show full 
resistance with occasionally observed weak sporulation, in contrast to the fully resistant 
parental accession C24. However, the line F3 M54xM02 A23 with both qtl1.3 and qtl5.1 
eliminated from the C24 genome is susceptible to the isolate Waco9; differences in Hpa 
susceptibility between Col-0 and F3 M54xM02 A23 are only nominally significant (Tukey 
HSD test, p=0.06). Significance of differences in the level of sporulation among lines 
was estimated with mixed ANOVA and Tukey HSD post-hoc test based on results of two 
independent experiments  (n=6, α=0.05). Letters indicate homogenous sets of genotypes as 
determined with Tukey HSD test (α=0.05). Error bars represent ±SE.
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hundred kb to several Mb [172, 199]. Secondly, effects of introgressed loci are tested multiple 
times since screening for the susceptibility phenotype is applied in each BC generation 
thereby enabling selection of major QTLs with reproducible effects on the phenotype. Thirdly, 
after detecting major loci enriched during backcrossing and selection for susceptibility, the 
backcross lines can be used to develop introgression lines for the QTLs of interest by selfing 
the advanced generation BC lines. Finally, populations derived by selfing of selected BC 
lines could be used to find recombinants in the mapping interval to further narrow-down the 
mapping intervals. Nevertheless, there are also disadvantages to the applied BC mapping 
method. Development of BC mapping populations is time- and labor-intensive. Also, the 
developed BC population is unlikely to be used to map other traits and cannot be maintained 
as an immortal inbred population. Based on our results and experience with the backcross 
approach we now suggest an optimal procedure for mapping complex multigenic traits in 
self-pollinating plants like Arabidopsis. It includes 3-4 rounds of backcrossing with selection 
for a given phenotype in each generation and identification of introgressed QTLs by WGS. 
After WGS, selected heterozygous BC lines containing loci of interest are selfed to obtain 
homozygous ILs with introgressed multiple QTLs. The same population after selfing can be 
used to select recombinants for QTLs of interest and perform further fine-mapping (SI Figure 
3). Also, barcoding of sequencing libraries from different BC lines would provide significant 
WGS information, so that reads can be traced back to every individual BC line. This will then 
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Figure 5. Resistance of Arabidopsis Col-0, C24, introgression lines (IL) in Col-0 background 
(IL N41, IL N38), IL in C24 background (IL M54, IL M02) and their F1 hybrids to the downy 
mildew pathogen Hpa Waco9 at 7 days post inoculation. IL N41 with C24 allele of qtl1.3 in 
Col-0 background shows significantly lower level of sporulation compared to Col-0, however 
the hybrid F1 IL N41xCol-0 has level of susceptibility intermediate between Col-0 and IL N41. 
The F1 hybrid between IL N41 and IL N38 (C24 qtl5.1 in Col-0 background) demonstrates 
level of susceptibility similar to IL N38. IL M54 and M02 with Col-0 alleles of qtl1.3 and qtl5.1 
in C24 background and their F1 hybrid M54xM02 have weak occasional sporulation of Hpa 
Waco9. Significance of differences between genotypes was estimated with mixed ANOVA 
followed by t-test with Sidak correction for multiple testing based on combined results of 
three experiments (n=6, α=0.05).
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allow straightforward detection of introgressed loci through counting of BC lines heterozygous 
at any given locus.

qtl1.3 and qtl5.1 interact to confer strong resistance of C24 to Hpa Waco9
In this study, we show that qtl1.3 and qtl5.1 in Arabidopsis C24 are major loci for quantitative 
resistance to downy mildew isolate Waco9. However, the C24 alleles of qtl1.3 and qtl5.1 
individually only gave partial resistance, in contrast to the near-complete resistance 
observed when C24 alleles of the two loci are combined in Col-0. These findings suggest an 
interaction, or epistasis, between the two resistance loci. Gene interaction is a well-known 
biological phenomenon that is broadly understood as the dependency of gene expression on 
the genetic background. Epistatic interactions have been observed in quantitative disease 
resistance in natural plant populations [169, 170], however, the molecular mechanisms of the 
genetic interactions remain poorly understood. Several mechanisms are proposed to explain 
different cases of interaction between two genetic loci found in studies of yeasts, worms, 
mammals, and plants: (i) molecular recognition as in the case of hybrid necrosis, (ii) functional 
redundancy between genes, (iii) buffering between functional modules and pathways when, 
for example, genes encoding chaperones influence expression and penetrance of mutations, 
(iv) positive interaction in linear pathways, and (v) non-linear regulatory relationships. Finally, 
physical, chemical or developmental constraints may complicate quantitative measurement 
of phenotypic traits and thereby lead to erroneous declaration of epistasis [200]. Since 
individually qtl1.3 and qtl5.1 from Arabidopsis C24 confer only partial resistance in Col-0, it is 
likely that qtl1.3 and qtl5.1 function redundantly during the immune response of C24 to Hpa 
Waco9. Also, one QTL might be able to positively regulate expression of another, or even both 
QTLs could positively regulate each other. Ongoing fine-mapping and cloning of these C24 
QTLs for resistance to Hpa Waco9 is expected to reveal the molecular mechanism involved in 
quantitative resistance of Arabidopsis to downy mildew.
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Supporting information

SI Table 1. Information on markers used in the study

A p p l i c a -
tion of the 
marker

Name of the 
marker

Forward primer se-
quence (5’->3’)

Reverse primer se-
quence (5’->3’)

Type of 
marker***

Notes*

Validation 
of borders 
for C24 
resistance 
locus on 
c h r o m o -
some 1**

At1g60430 GGTGGCGATTC
TCATGATCT

TCATGAACGTG-
GTCGTCCTA

indel PNR=65.6%

At1g61890 CCATATTTCGGG
GAAACAAA

A G C C G C T T T T -
GAAGCAATAA

indel PNR=64.5%

c h r 1 _
block25

G A C C A A AT G G AT -
GAAAGAGCA

TGGTCGTTACAT-
GGGTTTCA

indel PNR=64.5%

At1g62380 GTCAAGTTTCAGC -
CCAAGGA

A G A A A G T C T C -
TACGGCTGCTG

SNP PNR=65.6%

Validation 
of borders 
for C24 
resistance 
locus on 
c h r o m o -
some 5**

At5g40940 CACCTTCTTCTTCTTG
TTCTCCA

G G A T T G C T -
GTTCATGGCTTT

indel PNR=71.9%

At5g41250 TGTGTTCTTGAACAG-
GAACTGAAT

C A C C G -
G A AT C T C C TA -
CAACAA

indel PNR=70.8%

At5g41910 AGGGTTTTGAATCAC-
GGAAA

G C G C C T G T -
GATCTTCTTCTC

indel PNR=70.8%

At5g42500 CGATCATAATCACGC-
CAAAA

T C T C C G G T G A -
CAAACCTACC

SNP PNR=71.9%

Checking 
l i n k a g e 
be tween 
c e n t r o -
meric and 
p e r i c e n -
t r o m e r i c 
r e g i o n s 
and C24 
resistance

chr1_13Mb A A C C C A T -
CAAAATCTCTGTCTCA

GCTTGAGAGAAT-
GAGGAGAAGAA

indel PNR=87.8%

chr4_2Mb AT G A A G C A A AT G -
GAGATGGA

AATGTGATTTGG-
GGATTTGG

indel PNR=98.9%

chr5_10Mb TGGCTCATGTTGAT-
CAAGTACA

TGTTCTCTCCAT-
CAGAGCATTG

indel PNR=86.4%



51

Checking 
c o - s e g -
r e g a t i o n 
be tween 
resistance 
and QTL 
in the pop-
u l a t i o n 
F2 C24x-
Col-0 flc3

F6F3 GAGCTGAATCAG-
GTTTTTCTCA

TTCTCAAC-
GAACTCTTTTTA-
ACCA

indel qtl1.1

F 2 0 D 2 3 /
T13M22

TCTCCGCATCTTGAT-
CATTG

CGCAAAAAGCT-
GAAGAACAA

indel qtl1.2

F16M22 AAGAGCATAAG-
GAGCTCATGAAA

TCAGTTAGTG-
CCTTGTTCTTGG

indel qtl1.3

MOB24 TTTAAACCGGC-
GAACTCTGA

TGTGCATCATC-
CGAGGTAAA

indel qtl3.1

FCAALL TTGCTTGCTCTCAAC-
GCTTA

GCCGTGGCG-
TAGTAGTTTGT

indel qtl4.1

MQD19 AACCCTACAAAAAC-
CCCAAAA

CGATGATCACAG-
TAACGATTATCC

indel qtl5.1

Selection 
of double 
ILs

c h r 1 _
block21

AAATTCACCATACGC-
GTCCT

TCCAATTCTTG -
CAAGGTGAA

indel -

c h r 1 _
block26

CGACATCTTCTGAT-
GTGCATAC

GGGAGCGTATTG-
GCTCTCTT

indel

MQD19mod C G A A A A A C -
CATATTTCTGAGCA

TGTCCAAGCAAT-
TCCACAAA

indel

chr5_15957 A C ATA G A C ATA G C -
CGATCTCATTA

TCACACTAGCT-
CAAACAAGTTC-
TATT

indel

*PNR=”percentage of non-reference reads”
**only markers determining left and right borders of the locus are presented
***indel markers are PCR-based markers with difference in C24 and Col-0 DNA bands larger than 5 bp, 
separation of the PCR products typically on 3-4% agarose gel; genotyping with SNP markers is performed 
with high-resolution melting curve analysis (HRMA) with LightScanner® (Biofire, Utah, USA); protocol for 
HRMA is described in SI Note 1.

SI Table 2. Master mix for PCR before HRMA

Component Final concentration
5x Phire® Hot StartII buffer 1x
dNTPs 200 nM each
Primers 250 nM each
DNA ~10 ng
Phire® Hot StartII polymerase 0.1 u
LC Green® Plus+ 1x
mQ to the final volume 10 µl

SI Table 3. Genetically determined borders of centromeres (based on [198])



52

chro-
mo-
some

5’ marker 3’ marker 5’ border 
BAC

3’ 
border 
BAC

5’ coor-
dinate of 
the 5’ BAC 
(TAIR10), 
bp

3’ coor-
dinate of 
the 3’ BAC 
(TAIR10), bp

Marker in 
our study*

1 T22C23-t7 T3P8-sp6 F28L22 F5A13 14,083,487 15,697,825 chr1_13Mb

4 T24H24.3 F13H14-t7 T24H24 F28D6 1,913,792 4,263,015 chr4_2Mb

5 F13K20-t7 CUE1 F3F24 F19N2 10,927,735 12,662,612 chr5_10Mb
* sequences of the indel markers are presented in the SI Table 1

SI Note 1
Protocol for high-resolution melting curve analysis (HRMA) with the LightScanner®

HRMA is based on detecting differences between the melting curves of PCR products with 
different nucleotide sequence; in our lab, visualization of the melting process is achieved by 
using the fluorescent dye LC Green® Plus+ (Biofire, Utah, USA) which binds to the double-
stranded PCR product. During melting of the PCR product, the dye is released reducing overall 
level of fluorescence. Fluorescence acquisition, analysis of melting profiles and genotype 
calling is performed with LightScanner® and software supplied with the scanner (Biofire, Utah, 
USA). Typically, primers were designed with Primer3 web application v. 0.4.0 [201] to amplify 
50-120 bp product with SNP located in the middle of the amplified sequence. Annealing 
temperature (typically it is around 62ºC) was selected based on the Tm’s calculations 
recommended for amplification with Phire® Hot Start II polymerase (F122L, Thermo Fisher 
Scientific, MA, USA) (http://www.thermoscientificbio.com/webtools/tmc/). Components of the 
master mix are presented in the SI Table 2.
The reaction was covered with 20 µl mineral oil (M5904 or M8410, Sigma-Aldrich, MO, 
USA) to prevent evaporation of the PCR mix during amplification and the melting curve 
analysis. Conditions for PCR were as follows: 98ºC – 30’’, 40-45 x (98ºC – 5’’, Ta – 10’’, 
72ºC – 10’’), 72ºC – 1’, 2 x (98ºC – 30’’, 25ºC – 30’’). HRMA analysis was performed on 
the LightScanner® (Biofire, Utah, USA) according to the supplier recommendations (BIOKÉ, 
Leiden, The Netherlands). If differences between genotypes homozygous for SNP were not 
detected by HRMA, PCR product for a sample was mixed with PCR product for a reference 
(typically, Arabidopsis Col-0), heteroduplexes were formed again 2 x (98ºC – 30’’, 25ºC – 
30’’), and then the mixed PCR product was melted again; PCR products with heterozygous 
SNP normally have a melting profile different from a PCR product with homozygous SNP that 
allows genotyping of homozygous forms [202].
For HRMA, plant total genomic DNA was isolated with the CTAB method [145] or a column-
based isolation method in GenElute™ Plant Genomic DNA Miniprep Kit (G2N70, Sigma-
Aldrich, MO, USA) according to the manufacturer recommendations.

SI Note 2
Validation of chromosome regions with reduced PNR levels, as revealed from the BC method

The analysis of sequence data for the BC5 population suggested presence of candidate 
resistance loci on intervals 21.9-23.2 Mb and 15.7-17.3 Mb of chromosomes 1 and 5 
respectively (TAIR10 coordinates). Based on these proposed intervals we designed several 
SNP and indel markers inside and outside of the intervals. Markers which point to the left and 
right borders of the intervals are shown in SI Table 1. The 48 BC5 lines were genotyped for these 
markers, and PNR for each marker position was calculated as PNR(%)=100-[#heterozygous 
lines/(# lines x 2)]x100%. Physical location of markers flanking intervals with minimal PNR 
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SI Figure 1. Resistance of Arabidopsis accessions Col-0 flc3, C24 and the hybrid F1 C24x-
Col-0 flc3 to Hpa isolate Waco9. (a) Col-0 and the flc3 mutant in Col-0 background have 
similar levels of susceptibility to Waco9 (t-test p=0.21, n=3). (b) Arabidopsis C24 is resi-
stant to Hpa Waco9, however Col-0 shows high level of susceptibility to Hpa. The hybrid F1 
C24xCol-0 flc3 is susceptible to Hpa Waco9, although less than the wild type Col-0 (t-test 
p<0.01, n=3). Error bars represent ±SD. The experiments were repeated two times with 
similar results.

for the candidate resistance loci was considered as the interval for the resistance loci. We 
could conclude that candidate resistance loci selected during the BC scheme are located in 
the intervals 22,265-23,083 kb and 16,406-16,994 kb on chromosomes 1 and 5 respectively.
Since in the analysis of BC sequence data, we observed reduction of PNR levels at 
chromosome regions around centromeres, it was decided to validate whether indeed these 
chromosome regions have PNR levels lower than expected 97%. For that, we genotyped 
45 BC5 lines with indel markers for regions linked to genetically determined centromeres 
(around 1 Mb for chromosomes 1 and 5) or at the centromere (chromosome 4) (SI Table 
4). For chromosome 4, PNR at the centromere was 98.9% (SI Table 1) suggesting that high 
variation in PNR level for SNPs detected at the centromeric and pericentromeric regions of 
chromosome 4 from sequencing data is likely caused by the technical challenges of sequence 
alignment at these positions but does not reflect reality. For chromosomes 1 and 5, instead 
of ~97% we observed PNR of around 87% that might be attributed to the genetic linkage 
between centromeres and the resistance loci qtl1.3 and qtl5.1.
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SI Figure 2. Development of susceptible Arabidopsis C24 backcross (BC) lines for fine-map-
ping of C24 resistance loci by whole genome sequencing. Initially, 50 independent BC1 
lines from a cross C24x(F1C24xCol-0 flc3) were selected for susceptibility and crossed back 
to C24. However, already in the BC2 generation we could find susceptible seedlings only 
for 29 lines. Therefore, it was decided to select additional 50 susceptible seedlings from 
14 BC2F2 populations and continue backcrossing. Furthermore, we selected additional 17 
susceptible seedlings from BC3 (C24xBC2F2) populations, and continued the scheme. In 
total, we attempted to develop 117 BC lines, however susceptible seedlings were found only 
in 48 BC5 lines. Thus, the lines are not completely independent and have different degree 
of relatedness.
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SI Figure 3. Proposed scheme for the efficient fine-mapping of quantitative trait loci (QTL) 
in natural accessions. Two inbred lines Parent 1 and Parent 2 with contrasting values of a 
phenotypic trait (e.g. resistance) are crossed to obtain F1 hybrids. The F1 plant is crossed 
back with the recurrent resistant Parent 2 which has a recessive or partially dominant trait. In 
the BC1, only susceptible progeny is selected and crossed to the Parent 2. BC3-4 lines are 
used for whole genome sequencing and finding QTL intervals. The BC3-4 lines with desired 
introgressions are selfed to fix the introgression and derive stable introgression lines. The 
same selfed BC populations are used to select for recombinants and further fine-mapping.
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CYTOKININ RESPONSE FACTOR 1 in Arabidopsis 
susceptibility to downy mildew

Dmitry Lapin1, Tracy Raines2, Silvia Coolen1, Richard Hickman1, Marcel Van Verk1, Saskia Van 
Wees1, Guido Van den Ackerveken1
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Abstract
Many known forms of natural resistance of Arabidopsis thaliana to downy mildew 
are controlled by R-genes coding for nucleotide binding site leucine-rich repeat 
proteins. These genes mediate immunity to one or several isolates of the downy 
mildew Hyaloperonospora arabidopsidis (Hpa). In addition, other forms of resistance, 
effective against all Hpa isolates, have been identified in mutant screens. However, 
very little is known about the genetic mechanisms contributing to natural non-isolate 
specific resistance to downy mildew. We, therefore, performed association mapping of 
Arabidopsis resistance/susceptibility to a mixture of four Hpa isolates. This approach 
revealed three candidate loci including CYTOKININ RESPONSE FACTOR 1 (CRF1). 
Tomato and tobacco CRF1 orthologs are known to affect plant immunity to bacterial 
pathogens. Our results show that higher level of CRF1 mRNA in natural Arabidopsis 
accessions is correlated with enhanced susceptibility to the mixed Hpa infection. In 
addition, a knock-out mutant for CRF2, a close paralog of CRF1, demonstrated reduced 
sporulation of downy mildew. It indicates that CRF1 and CRF2 might positively regulate 
Arabidopsis susceptibility to Hpa.

Introduction
Plants are exposed to pathogenic microorganisms in natural and agricultural ecosystems and 
can be severely affected when successfully infected. The plant immune system, however, 
prevents most microorganisms from infecting by a range of defensive mechanisms. An 
important first layer of inducible defenses is triggered by recognition of conserved microbe-
associated molecular patterns (MAMPs) such as bacterial flagellin or fungal chitin leading 
to MAMP-triggered immunity (MTI). However, adapted microbes use effector proteins to 
suppress the recognition of MAMPs allowing further establishment of the symbiotic interaction 
[203, 204]. To stop pathogen development, plants evolved a second layer of immunity relying, 
amongst others, on proteins with nucleotide binding and leucine-rich repeats domains (NLRs) 
which recognize pathogen effectors directly or sense manipulation of the plant immune system 
[120]. This recongnition leads to transcriptional reprogramming that is an essential part of the 
immune response resulting in resistance [205-208]. This second layer of defense is called 
effector-triggered immunity (ETI). Molecular signaling pathways and responses significantly 
overlap during MTI and ETI. Both immunity mechanisms involve production of reactive oxygen 
and nitrogen species [209, 210], and the activation of mitogen activated protein kinases MPK3 
and MPK6 [211]. Also, both PTI induced by the MAMP flg22 and ETI triggered by the AvrRpt2 
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effector depend on the production of salicylic acid (SA), jasmonic acid (JA), the regulator of 
ethylene-induced immune responses ETHYLENE (ET) INSENSITIVE 2 (EIN2) and the lipase-
like protein PHYTOALEXIN DEFICIENT 4 (PAD4) [212]. It is suggested that ETI is based on in 
more robust and stronger activation of the defense-related pathways compared to MTI [213].
Significant overlap in molecular signatures of activated immune systems was found in different 
plant lineages [3, 4]. Experiments with transfer of immune receptors between different 
groups of flowering plants also suggest that molecular signaling pathways during MTI and 
ETI are similar among these plants. For instance, activity of the ELONGATION FACTOR 
Tu RECEPTOR (EFR) from Arabidopsis thaliana (Arabidopsis hereafter) responsible for 
sensing elongation factor Tu, which is a bacterial MAMP, and rice FLAGELLIN INSENSITIVE 
2 (OsFLS2) was preserved when these MAMP receptors were transferred between families of 
flowering plants [214, 215]. Similarly, heterologous expression of the barley NLR gene MLA1, 
which confers isolate-specific resistance to the powdery mildew fungus Blumeria graminis f. sp. 
hordei containing the cognate AVRA effector, mediated isolate-specific resistance to the barley 
powdery mildew in an immuno-compromised Arabidopsis mutant [216]. These experiments 
clearly demonstrate that molecular MTI and ETI pathways downstream of pathogen recognition 
are significantly preserved in monocots and dicots. Evolutionary conservation of MTI and ETI 
and their convergence on the same signaling pathways suggests that genetic variation at the 
loci regulating the core plant immune system may affect resistance to unrelated pathogens or 
multiple isolates of the same pathogen, referred to as broad-spectrum resistance (BSR) [121]. 
Therefore, studies on genetic variation affecting the core plant immune system can lead to the 
identification of new components and mechanisms of BSR.
In addition to MTI and ETI, resistance of plants can be achieved via non-immunity related 
mechanisms, e.g. when plants do not support development of pathogen ([217], Chapter 1 of 
this thesis). For example, resistance to potyviruses in multiple plant species is caused by loss-
of-function mutations in the plant translation initiation factor eIF4E and its homologs [106] that 
likely supports successful systemic spread of the viruses, as it was shown for tobacco etch 
virus infection in Arabidopsis [103]. Non-immunity related mechanisms of plant resistance can 
point to host processes supporting basic pathogen physiology. Therefore, genetic variation at 
plant susceptibility loci might affect the conserved aspects of pathogens development and, 
thus, lead to BSR.
Components of plant resistance mechanisms interact with each other so that gain of resistance 
to one pathogen can occur on the expense of enhanced susceptibility to another one. For 
example, barley mlo mutants with non-isolate specific resistance to the powdery mildew fungus 
Blumeria graminis f.sp. hordei show increased susceptibility to the hemibiotrophic fungus 
Magnaporthe oryzae [218, 219]. Also the Arabidopsis mutant resurrection 1 (rst1) shows 
both increased resistance to the necrotroph Botrytis cinerea and enhanced susceptibility to 
the powdery mildew fungus Golovinomyces cichoracearum due to constitutive activation of 
JA-dependent defense reactions but suppression of SA-dependent immunity [220]. SA- and 
JA-induced signaling pathways, which positively regulate resistance against biotrophic and 
necrotrophic pathogens respectively, are well known to negatively affect each other [221]. 
These cross-talk mechanisms are manipulated by pathogens to increase plant susceptibility. 
The bacterial pathogen Pseudomonas syrigae pv. tomato DC3000 (Pst DC3000) produces 
coronatine, a functional mimic of JA that negatively affects SA accumulation that is important 
for the immune response to biotrophic pathogens [7].
A well-studied biotrophic pathogen of Arabidopsis is the oomycete Hyaloperonospora 
arabidopsidis (Hpa), the causal agent of downy mildew [118]. Research on natural variation 
in Arabidopsis for resistance to downy mildew revealed multiple Toll-Interleukin receptor (TIR) 
and coil-coiled (CC) domains-containing NLRs that control resistance to specific Hpa isolates. 
For example, Arabidopsis Nd-0 contains the CC-NLR gene RPP13 (for RECOGNITION OF 
PERONOSPORA PARASITICA 13) that specifically mediates resistance to Hpa isolates with 
the effector ATR13 (ARABIDOPSIS THALIANA RECOGNISED 13) [222, 223]. Interestingly, 
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several natural Arabidopsis accessions have BSR to Hpa, however for the majority of these 
accessions genetic mechanisms of BSR are unknown. Previously, BSR of Arabidopsis C24 
to downy mildew was shown to be mediated by different combinations of isolate-specific 
resistance loci [94].
To learn more about mechanisms regulating BSR of Arabidopsis to Hpa in nature, we 
looked for genetic variation in natural Arabidopsis populations associated with resistance to 
several downy mildew isolates. We expected that this genetic variation points to processes 
downstream of recognition of individual Hpa isolates or Arabidopsis loss-of-susceptibility loci. 
We inoculated >250 natural accessions from the core HapMap population [224, 225] with 
four Hpa isolates simultaneously. We applied both genome-wide (GWA) and locus-specific 
association mapping to identify candidate resistance loci. Three candidate loci, namely 
At5g53750…At5g53760/MILDEW LOCUS O 11 (MLO11), STOMATAL CARPENTER 1 
(SCAP1) and CYTOKININ RESPONSE FACTOR 1 (CRF1), were found to be associated 
with susceptibility to the mixed Hpa infection. The scap1 mutant and SCAP1 RNAi silencing 
line showed reduced susceptibility to Hpa indicating that Arabidopsis SCAP1 contributes to 
successful sporulation of downy mildew. Analysis of mutants suggested that the predicted 
APETALA 2/ETHYLENE RESPONSE FACTOR (AP2/ERF) TF gene CRF1 and its close 
paralog CRF2 regulate Arabidopsis susceptibility to Hpa. Further ongoing charactization of 
CRF1 and CRF2 might unravel novel mechanisms of Arabidopsis susceptibility to Hpa.

Materials and methods
Plant material and growth conditions
The mutants mlo11-4, mlo11-4/14, mlo4/11-4/14, mlo11-5, mlo11-6, mlo11-3 [226], 
GABI_068G09 (crf1-1), SAIL_371_D04 (crf2-2) [227] and SAIL_1151_G06 (for the At5g53750 
locus) were obtained from NASC [228, 229]. Primers for PCR-confirmation of T-DNA insertions 
were designed with the iSect tool [228]. Plants were grown at 21˚C under long day (16h 
light/8h dark, light intensity 100-150 µmol/m2/sec) or short day conditions (10h light/14h dark, 
light intensity 100 µmol/m2/sec). To generate transgenic plants over-expressing CRF1, the 
coding sequence was amplified and cloned into the pK7FWG2 vector [230]. This placed CRF1 
under the control of the CaMV 35S promoter and fused it to the GFP gene (resulting in a 
C-terminal GFP tag). Transgenic plants were generated by the floral-dip method [231]. T1 
lines were selected by plating surface sterilized seeds on 1x Murashige and Skoog (MS) agar 
with 1% sucrose containing 50 µg/ml kanamycin. Single copy transgene lines were obtained 
by observing the segregation ratios of the T2 lines and selecting lines exhibiting the Mendelian 
3:1 ratio. For MeJA assays on plates, seedlings of Col-0, crf1-1 and CRF1 OX#1 lines were 
grown on 1x MS medium supplemented with 1% sucrose. Methyl jasmonate (MeJA) (M1068, 
TCI Europe N.V., Zwijndrecht, Belgium) was dissolved in 96% ethanol and added to the cooled 
medium to a final concentration 75 µM; the same volume of ethanol was added to medium in a 
control experiment. Trypan blue staining to to reveal plant cell death in leaves of 3-4 week-old 
plants was done as described previously [146]. 

Downy mildew infection assays and quantification
The downy mildew Hyaloperonospora arabidopsidis (Gäum.) Göker, Riethm., Voglmayr, 
Weiss & Oberw. (Hpa) isolates Waco9, Noco2, Emco5 and Cala2 were maintained as 
described previously [109]. All infection assays were performed on eleven-day-old seedlings 
at 16˚C under short day conditions (9h light/15h dark, light intensity 100 µmol/m2/sec, relative 
humidity 100%). For screening resistance of 259 HapMap Arabidopsis accessions to the 
mixed Hpa infection, inoculi of the four individual downy mildew isolates (50 conidiospores/
µl) were mixed in a ratio 1:1:1:1. Resistance phenotypes were scored visually at seven 
days post inoculation (dpi) with a four-level scoring system: 1 - no sporulation; 2 - <15% of 
seedlings are sporulating; 3 – 15-80% of seedlings are sporulating; 4 - >80% of seedlings are 
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intensively sporulating. A resistance score was given for each Arabidopsis accession based 
on 20-40 seedlings per experiment. The experiment was performed twice, and the average 
resistance score of each Arabidopsis line was used as the phenotype for further analysis. 
All other infection assays were done with a single isolate Waco9 (50 conidiospores/µl) and 
levels of susceptibility were quantified by spore counting at 5-7 dpi. For experiments with the 
cytokinin 6-benzylaminopurine (6-BAP), plants were pre-treated with the hormone 48 hours 
before Hpa inoculation as previously described [232]. Treatment with MeJA (100 µM of MeJA 
in water with 0.002% Silwet L77 (Van Meeuwen Chemicals BV, Weesp, the Netherlands)) was 
performed every day for five or three days or one day before Hpa inoculation; mock treatment 
included water with 0.002% Silwet L77. For the pre-treatment, solutions for MeJA and mock 
treatment were sprayed on seedlings in separate trays, and the trays were immediately closed 
and placed back to the long-day growth chamber. Statistical analysis was performed with IBM 
SPSS Statistics 20.

Association mapping
Broad-sense heritability (H2) was calculated based on the variance components from ANOVA 
(IBM SPSS Statistics 20) H2=VG/(VG+VE/N), where VG and VE is variance of the susceptibility 
scores between and within accessions respectively and N is a number of biological replicates. 
Genome-wide association (GWA) mapping was performed with Kruskal-Wallis test in the 
GWAPP tool [233]. For GWA analysis, susceptibility scores of Arabidopsis after mixed Hpa 
inoculation in the 1-4 scale were transformed into binary scores: if the susceptibility score 
was <1.5 the accession was considered resistant (on the binary scale, score 0) otherwise the 
line was considered susceptible (on the binary scale, score 1). Candidate loci were declared 
at SNPs with –log10(P)≥5, left and right borders of a candidate locus were located at most 
distant SNPs showing linkage disequilibrium (LD) r2≥0.3 with the most significant SNP.
For the locus specific association mapping, sequences from 142 natural Arabidopsis 
accessions were downloaded from the 1001 Genome project (http://signal.salk.edu/
atg1001/3.0/gebrowser.php). The derived multiple alignments of candidate regions were used 
to identify polymorphic loci. Only polymorphic loci with a minor allele frequency (MAF) >5% 
were utilized for the locus-specific association mapping with the Kruskal-Wallis test. For the 
CRF1 locus, mapping was also performed using the EMMA package [234] with correction for 
the population structure based on the kinship matrix calculated from all polymorphic loci in the 
locus. False discovery rate correction was applied to the raw p-values to correct for multiple 
testing [191]. Locus-specific association mapping was implemented in the R environment 
[192]. Conversion between nucleotide sequence formats was done with Jalview [235].
Linkage disequilibrium (r2) between ~10% of SNPs used for the locus-specific association 
mapping at three candidate loci At5g53750…MLO11, CRF1 and SCAP1 (MAF>5%) was 
calculated with TASSEL [236]. The LD decay plot was obtained by plotting r2 values versus 
distance between corresponding SNPs with a hexagon binning procedure implemented in the 
hexbin package [237]. r2 values were fitted against the distance between SNPs (r2~distance) 
using the R function loess() for local polynomial regression fitting with the smooting value 
span=0.4 [192].

Quantification of CYTOKININ RESPONSE FACTOR 1 (CRF1) mRNA levels
For the analysis of CRF1 mRNA levels in different Arabidopsis accessions (SI Table 6), eleven-
day-old seedlings were sprayed with water and placed in the growth chamber for Hpa infection 
assays; three days later around 100 mg of seedlings from each accession was collected. Total 
RNA was isolated with the Spectrum™ Plant Total RNA Kit (Sigma, St. Louis, MO, USA). The 
isolated RNA was treated with DNase I, RNase-free (Thermo Scientific, Waltham, MA, USA), 
and the first DNA strand was synthesized with RevertAid H Minus Reverse Transcriptase 
(Thermo Scientific, Waltham, MA, USA). All these procedures were performed according 
to the manufacturers’ recommendations. Primers for the quantitative real-time (qRT) PCR 
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are shown in the SI Table 5. For qRT-PCR, we used SYBR® Green PCR Master Mix (Life 
Technologies Corporation, Carlsbad, CA, USA). The CRF1 and PR-1 mRNA levels were 
normalized to the Arabidopsis reference gene ACTIN2 (SI Table 4) with the 2-ΔCt method.

Measurement of chlorophyll and anthocyanin levels in seedlings
To measure chlorophyll and anthocyanin, a previously described method [238] was slightly 
modified. Briefly, 10-30 mg of seedlings without roots were ground in 1 ml of MeOH with 1% 
HCl and incubated overnight at 4˚C or for two hours at room temperature. Absorbance at 530 
and 657 nm corresponding to absorbance of anthocyanin and chlorophyll was measured for 
their quantification and normalized to the fresh weight of ground plant material.

Results
Association mapping of Arabidopsis resistance/susceptibility to downy mildew
Previously it was shown that resistance of Arabidopsis to individual Hpa isolates is mainly 
controlled by R-genes encoding NLR proteins [138]. By inoculating the mulitple Arabidopsis 
accessions with a mix of spores of different downy mildew isolates at the same time, we 
expected to reduce the effect of isolate-specific resistance loci and evaluate non-isolate specific 
susceptibility of Arabidopsis accessions to Hpa. We performed simultaneous inoculation of 
259 Arabidopsis accessions from the core HapMap collection with a mixture of conidiospores 
from four Hpa isolates: Waco9, Emco5, Noco2, and Cala2 that are known to be recognized 
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Figure 1. Distribution of 259 natural Arabidopsis accessions from the HapMap collection 
in phenotypic classes after mixed infection with several isolates of the downy mildew Hpa. 
The disease severity was scored at 7 days after inoculation based a four-level scoring 
system, where fully-resistant accessions without sporulation have a score 1, and intensively 
sporulating accessions have a score 4. Three quarters of the tested Arabidopsis accessions 
are found to be susceptible to the mixed Hpa infection.
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by different RPP loci. The majority of the tested accessions (75% or 193 accessions) were 
susceptible to the mixed infection, and 66 genotypes were either fully resistant or slightly 
susceptible showing sparse sporulation on a few seedlings (Figure 1, SI Table 1). We checked 
how susceptibility of Arabidopsis to individual isolates relates to susceptibility to the infection 
with a mixture of Hpa isolates. More than 50 accessions from our screen were previously tested 
for resistance to several individual Hpa isolates including Noco2, Emco5 [107] and Cala2 [136]. 
We additionally tested resistance of these accessions to the Hpa isolate Waco9 (SI Table 2). 
Although correlation was found between susceptibility to the mixed infection and infection with 
individual isolates (Spearman’s correlation coefficient ρ≤0.46, p=0.14…0.01, SI Table 3), the 
strongest correlation was found between Arabidopsis susceptibility to mixed infection and the 
susceptibility score calculated as a mean of susceptibility scores after Arabidopsis infection 
with the four individual isolates Waco9, Emco5, Noco2 and Cala2 (ρ=0.65, p<10-4, SI Table 3). 
This suggests that in the case of mixed infection defense against incompatible isolate(s) did 
not substantially affect susceptibility to the compatible isolate(s). The broad-sense heritability 
(H2) of the susceptibility after the mixed infection in the tested Arabidopsis population was 
0.83 indicating a strong contribution of genetic factors to the observed variation that could 
potentially be mapped with association mapping. All accessions with a mean susceptibility 
score <1.5 were considered resistant and accessions with the score ≥1.5 – susceptible. 
GWA mapping with 242 accessions on the derived binary phenotypic data revealed fourteen 
candidate loci associated with susceptibility to Hpa (-log10p≥5, SI Figure 1). GWA run with 
untransformed data produced lower -log10p values (not shown). To independently validate 
identified associations between SNPs and susceptibility to Hpa, we performed locus-specific 
association mapping using sequences available for 142 Arabidopsis accessions. Alignment 
of the complete sequences from different accessions provides more polymorphic markers 
compared to SNP data present in the GWAPP tool that could, therefore, increase resolution 
of mapping. In the locus-specific association mapping, we used 142 accessions instead of 
242 accessions in GWA mapping. The lower number of accessions could reduce power of 
the locus-specific association mapping to detect significant associations. Thus, if a candidate 
locus is found as associated in genome-wide mapping but not in the locus-specific mapping 
procedure, it is likely that it is false positive or has weak additive effect which is difficult to 
validate experimentally. On the other hand, if a locus found in the genome-wide mapping 
was confirmed in the locus-specific association mapping, one has higher confidence that this 
locus is indeed associated with susceptibility. Also, for the locus-specific association mapping, 
we used susceptibility scores on the scale 1 to 4 in contrast to the binary scores in GWA 
scan to eliminate the effect of scoring system on our mapping results. For the locus-specific 
association mapping, a haploblock with SNPs associated in GWA (-log10p≥5) was considered 
as a candidate locus, i.e. borders of the candidate locus were defined as SNPs located up- and 
downstream of SNP, most significantly associated in GWA, and showing linkage disequilibrium 
(LD) with this significantly associated SNP (r2=0.3 cut-off, GWAPP tool). Out of fourteen 
candidate loci revealed in the GWA, only three loci were associated with resistance to Hpa 
in this locus-specific association mapping (SI Figure 2, the cut-off value -log10p=4.0, Kruskal-
Wallis test): the interval At5g53750..At5g53760/AtMLO11 (Kruskal-Wallis test, -log10p=4.95, 
FDR=0.0003), the locus At5g65590/SCAP1 (Kruskal-Wallis test, -log10p=4.79, FDR=0.0595), 
and the locus At4g11130..At4g11140/CRF1 (Kruskal-Wallis test, -log10p=4.27, FDR=0.1642; 
EMMA, -log10p=4.57, FDR=0.2414). With marker data used for the locus-specific association 
mapping, we calculated extent of LD (measured as r2) for these three loci in the population of 
142 Arabidopsis accessions to estimate resolution of the locus-specific mapping (SI Figure 3). 
Average fitted r2 value dropped approximately 2.5 times from 0.16 to 0.06 on the 5 kb interval 
between markers that is similar to prevoius estimates of LD decay in Arabidopsis [239]. Thus, 
application of locus-specific association mapping based on sequencing information confirmed 
several loci identified in our GWA screen resulting in a mapping resolution of several kilobase 
pairs that could facilitate the identification of causal polymorphisms.
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Functional analysis of CYTOKININ RESPONSE FACTOR 1 and STOMATAL CARPENTER 
1
To verify whether the identified loci contribute to downy mildew susceptibility in Arabidopsis, 
we tested mutants and overexpression lines for the associated genes. MILDEW LOCUS O 
11 (MLO11) belongs to a family of transmembrane proteins similar to the barley MLO, and 
barley mlo mutants confer broad-spectrum resistance to the powdery mildew fungus [97]. In 
Arabidopsis, the triple mutant mlo2/6/12 is also resistant to the powdery mildew Golovinomyces 
orontii but not to the downy mildew Hpa [99]. We checked whether mutations in MLO11 and 
its close paralogs MLO4 and MLO14 affect Arabidopsis resistance to Hpa. Several mlo11 
mutants, the triple mutant mlo4/11/14 and the double mutant mlo11/14 were not different in the 
level of sporulation of Hpa Waco9 from the wild type Col-0 (not shown). The gene At5g65590 
known as STOMATAL CARPENTER 1 (SCAP1) encodes for the plant-specific Dof-type 
transcription factor (TF) essential for the development of guard cells in stomata [240]. The 
scap1 mutant and the RNAi silenced line RNA #8-2 showed slightly reduced susceptibility to 
Hpa Waco9 compared to the wild type Col-0 (Tukey HSD p=0.01 and p=0.04 respectively, 
Figure 2). These data further indicate a role of the GWA-identified SCAP1 gene in the infection 
of Arabidopsis by downy mildew.
CYTOKININ RESPONSE FACTOR 1 (CRF1) is a member of the CRF clade within the family 
of AP2/ERF TFs. Experiments with overexpression of CRF1 orthologs from tomato and 
tobacco suggest that these proteins affect plant immune responses [241, 242], however a 
role of Arabidopsis CRF1 in susceptibility to downy mildew is unknown, and we, therefore, 
further focused our study on the CRF1 gene. The Arabidopsis crf1-1 mutant did not show a 
significantly altered level of sporulation compared to Col-0 (Figure 3b). In contrast, a CRF1 
overexpression line (OX #1) was significantly more resistant to downy mildew compared to 
the wild type (t-test, p<0.05, Figure 3a). Several additional independent T4 CRF1 OX lines 
showed slightly elevated resistance, although not significant compared to Col-0 (Figure 
3c, t-test p=0.17…0.52). We noticed that leaves of all 3-4 week-old uninfected CRF1 
overexpression lines grown under both short and long-day conditions displayed elevated cell 
death, visible as trypan blue stained patches that was not observed in the wild type Col-0 
and the crf1-1 mutant (Figure 3d). In addition, the plants of the overexpression lines showed 
reduced rosette growth and were chlorotic (Figure 3d) indicating that CRF1 overexpression 
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leads to spontaneous cell death and retardation of Arabidopsis growth. The OX#1 line that 
shows partial resistance to Hpa had the similar extent of cell death patches as the other OX 
lines, indicating that cell death in the uninfected leaves of CRF1 overexpression lines does not 
correlate with resistance to Hpa.
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Figure 3. Resistance of Col-0, crf1-1 and CRF1 overexpression lines to downy mildew. (a 
and b) The homozygous T4 CRF1 overexpression line OX#1 supported lower sporulation 
level of the downy mildew isolate Waco9 at 5 days post inoculation (dpi) as compared to the 
wild type Col-0 (t-test, p<0.05, n=3, experiment was repeated twice), however differences 



65

CRF1 is not required for cytokinin-induced susceptibility and resistance of Arabidopsis 
to downy mildew
Cytokinins (CKs) are known to have either positive or negative effect on Arabidopsis resistance 
to downy mildew at higher or lower concentrations, respectively [232]. We hypothesized that 
effect of CKs on Arabidopsis susceptibility to Hpa involves CRF1 that is known to translocate 
to the nucleus after CK treatment [227]. The wild-type Col-0, the crf1-1 mutant and CRF1 
OX#1 plants were inoculated with Hpa isolate Waco9 after treatment with 6-BAP, which is 
a commonly used CK (Figure 4). At a concentration of 100 µM, the CK treatment induced 
resistance to Hpa in wild type Col-0 plants. Similarly to the wild type Col-0, the CK treatment 
induced resistance in both the CRF1 OX#1 and crf1-1 lines, and the level of resistance between 
the genotypes was not significantly different (mixed ANOVA, t-test p>0.05, Sidak correction). 
At a much lower concentration of 100 nM, 6-BAP treatment caused enhanced susceptibility 
of the wild type Col-0 plants. Also the CRF1 OX#1 and crf1-1 plants were more susceptible 
to isolate Waco9 then the mock control. Again, we did not find significant differences between 
lines in the level of susceptibility after pretreatment with 100 nM 6-BAP (mixed ANOVA, t-test 
p>0.05, Sidak correction). Therefore, CRF1 is likely not required for CK-induced resistance or 
susceptibility of Arabidopsis to Hpa.

Susceptibility to Hpa positively correlates with CRF1 mRNA levels
In the locus-specific association mapping for the CRF1 locus, the most significant associations 
with the level of susceptibility were not found in the protein coding sequence but in the up- and 
downstream sequences (SI Figure 4a). Analysis of a multiple alignment of CRF1 upstream 
sequences obtained from the 1001 Genome browser showed that a large 2.5-3.0 kb region 
on chromosome 4 is poorly assembled or missing in multiple Arabidopsis accessions with 
enhanced susceptibility to mixed infection. We sequenced the region with potential insertion/
deletion (indel) mutations in four resistant and nine susceptible accessions (SI Note 1). 
It appeared that the four resistant accessions with phenotypic score 1.0 have a ~230 bp 
insertion that is absent in most of the susceptible accessions (SI Figure 4b, indel 1 locus). 
At the same time, nine susceptible accessions with the phenotypic score ≥3 had a ~300 
bp insertion that was absent in the reference line Col-0 and all four resistant accessions 
(SI Figure 4b, indel 2 locus). To verify whether these two rearrangements are found within 
the poorly aligned or missing region upstream of CRF1 in other Arabidopsis accessions, 
we picked 21 additional accessions with or without potential rearrangement relative to Col-
0 reference genome as indicated by data in 1001 Genome browser; then the accessions 
were genotyped using primers spanning indels 1 and 2 loci (SI Table 5, SI Figure 5). In 
total, all fifteen tested resistant accessions had an insertion at the indel 2 (similarly to the 
susceptible reference Col-0) and fourteen of them had a deletion at the indel 1. On the other 
hand, among nineteen susceptible accessions, seventeen (except for Col-0 and Utrecht) had 
a deletion at the indel 2 and but did contain insertion of variable size at the indel 1 (SI Figure 

Figure 3 (continuation) in the spore count were not significant between the crf1-1 mutant 
and Col-0 (t-test, p>0.05, n=3, the experiment was repeated three times). (c) Sporulation 
of Waco9 on several independent CRF1 overexpression lines at 6 dpi. The T4 CRF1 OX 
lines ##30, 33, 34 and 35 did not show consistently elevated resistance to Hpa visible as 
reduced spore count compared to the wild type Col-0, in contrast to the OX#1 line (mixed 
ANOVA, Bonferroni test p=1.0, n≥7). For panels a, b and c, different letters mark significant 
differences in the genotype means (α=0.05). Error bars represent ±SD. (d) Trypan blue 
staining of leaves from 3-4 weeks-old plants grown under short day condition. Dead cells are 
visible as patches with intensive blue staining. The wild type Col-0 and the crf1-1 mutant do 
not have visible symptoms of cell death, however leaves of CRF1 overexpression lines have 
signs of spontaneous cell death. This occasional cell death is readily observed as necrotic 
spots on the edges of mature leaves from the overexpression lines grown under both short- 
and long-day conditions (not shown).
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5). Thus, among 34 genotyped Arabidopsis accessions, enhanced susceptibility to mixed Hpa 
infection is associated with an insertion at the indel 1 and a deletion at the indel 2 loci in 
the CRF1 upstream region. Given that in the population of 142 Arabidopsis accessions the 
most significant associations were found in the CRF1 up- and downstream regions and not 
in the CRF1 protein coding sequence, it is possible that susceptibility to Hpa is associated 
with different levels of the CRF1 transcription in resistant and susceptible accessions. To 
test that, we determined the level of CRF1 mRNA in uninfected seedlings of the genotyped 
34 Arabidopsis accessions with or without insertions at the indel 1 and indel 2 loci (Figure 
5). In the uninfected seedlings grown under conditions used for the Hpa infection assays 
CRF1 mRNA levels positively correlated with susceptibility of different Arabidopsis accessions 
(Figure 5a, ρ=-0.495 between ΔCt values and susceptibility score, p=0.008) suggesting that 
CRF1 negatively regulates Arabidopsis resistance to Hpa. Also, accessions with a deletion at 
the indel 2 in the CRF1 upstream region, which was associated with enhanced susceptibility 
to the mixed infection, had significantly higher level of CRF1 mRNA (Figure 5b, two-tailed 
t-test, p=0.003).

Does CRF1 have a role in jasmonate-induced susceptibility to downy mildew?
To identify gene regulatory networks controling defense signaling pathways in Arabidopsis, a 
large-scale transcriptome profiling experiment was initiated in which four-week-old Col-0 plants 
were treated with MeJA, SA and the combination of the two hormones in a time-course of 16 
hours with fifteen time points. The genome-wide abundance of transcripts was determined 
with RNAseq (Van Verk et al. in preparation). In this experiment, CRF1 was transcriptionally 
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Figure 4. Effect of CYTOKININ RESPONSE FACTOR 1 (CRF1) on cytokinin (CK)-induced 
resistance or susceptibility of Arabidopsis to the downy mildew Hpa Waco9. The commonly 
used CK, 6-benzylaminopurine (6-BAP), was applied 48 hours before Hpa inoculation. At 
the concentration 100 µM, pretreatment with 6-BAP led to a strong reduction of sporulation 
in all tested lines (Sidak test, p<0.05). In contrast, at the low concentration, CK treatment 
enhanced sporulation of Hpa in all lines (Sidak test, p<0.05). Results of four independent 
experiments were combined and analyzed with mixed ANOVA considering an experiment 
as a random factor, post-hoc t-test p-values were corrected for multiple testing through the 
Sidak correction (n≥9). Error bars represent ±SD.
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induced more than 2 times in the first hour after methyl jasmonate (MeJA) treatment, and 
CRF1 was co-regulated with a cluster of genes with significantly overrepresented JA-
related gene ontology terms (SI Figure 6, p<10-4, Bonferroni correction, Van Verk et al. in 
preparation). These observations prompted us to investigate the effect of CRF1 on jasmonate 
signaling in Arabidopsis. Treatment of Arabidopsis seedlings with MeJA causes accumulation 
of anthocyanin, inhibition of primary root growth and chlorosis. We tested if the CRF1 OX 
line #1 and the crf1-1 mutant show altered responses to this hormone compared to the wild 
type Col-0 (Figure 6). As expected, MeJA treatment led to reduced primary root growth and 
increased anthocyanin levels in all tested lines (Figure 6a and 6b). Differences between Col-
0, CRF1 OX#1 and crf1-1 within treatments were not significant except for slightly higher 
level of anthocyanin in crf1-1 after MeJA treatment compared to CRF1 OX#1 (Tukey HSD, 
p=0.01). The three tested lines also had decrease in chlorophyll content in response to MeJA 
treatment (Figure 6c). Interestingly, seedlings of the CRF1 OX line #1 were more chlorotic as 
compared to the crf1-1 mutant and the wild type Col-0 (Tukey HSD, p<0.05). Based on these 
results, we hypothesized that CRF1 influences resistance to Hpa by affecting jasmonate 
signaling in Arabidopsis. To test this idea, we checked whether MeJA treatment is able to alter 
resistance of Arabidopsis to Hpa and whether this involves CRF1. The mutant crf1-1 and the 
wild type Col-0 seedlings were pretreated with 100 µM MeJA five, three or one consecutive 
days before Hpa inoculation and checked for differences in sporulation at 5 dpi (Figure 7). 
All MeJA treatments enhanced susceptibility of both Col-0 and crf1-1 to Waco9 compared to 
the mock-treated seedlings, however differences between the genotypes were not significant 
(Tukey HSD, p<0.05). These results show that MeJA enhances susceptibility of Arabidopsis 
to Hpa however there is no evidence for a role of CRF1 in this process.

Figure 5. CYTOKININ RESPONSE FACTOR 1 (CRF1) mRNA levels in natural Arabidopsis 
thaliana accessions. CRF1 mRNA relative to the ACTIN2 reference gene was measured in 
non-infected seedlings of 34 Arabidopsis accessions with different levels of susceptibility to 
the mixed inoculation with the downy mildew Hpa. (a) The phenotype score 1 corresponds 
to full resistance, and 4 to full susceptibilility. Levels of susceptibility positively correlated with 
the level of CRF1 expression (Spearman’s rank correlation coefficient ρ=-0.495 p=0.003 
between the phenotype score and ΔCt=CtCRF1- CtACT2). (b) Arabidopsis accessions with 
the deletion in the indel 2 locus in the CRF1 promoter had a higher average level of CRF1 
mRNA (or lower ΔCt) compared to the average level for accessions without this deletion 
(two-tailed t-test p=0.003). Error bars represent ±SD. Accessions were treated as technical 
replicates. The experiment was performed three times with similar results.
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Arabidopsis crf2-2 shows enhanced resistance to Hpa
CRF1 has a close homolog in the Arabidopsis genome, CRF2 [227] that might have a similar 
activity as CRF1 in Arabidopsis susceptibility to Hpa. Therefore the crf2-2 mutant was tested 
for susceptibility to the downy mildew Waco9. The mutant showed reduced sporulation of 
Hpa compared to the wild type Col-0 (Figure 8, Bonferroni test, p=0.004) suggesting that 
CRF2 plays a role in Arabidopsis susceptibility to downy mildew. According to publicly 
available microarray data visualized with Genevestigator [243], CRF2 shows more dynamic 
transcriptional changes compared to CRF1 during different biotic stresses, after treatment 
with elicitors/MAMPs, and following hormone treatment (SI Figure 7a). Notably, CRF2 mRNA 
levels are reduced after inoculation with biotrophic and hemibiotrophic pathogens, e.g. downy 
and powdery mildews, Pst DC3000. Also SA application reduced CRF2 mRNA levels, which 
was confirmed in the RNA-seq experiment (Van verk et al., in preparation, SI Figure 7b). 
CRF2 is transcriptionally induced after treatment with MeJA and infection with the necrotroph 
Alternaria brassicicola (SI Figure 6a), however in the RNA-seq experiment, CRF2 did not 
show transient accumulation of transcripts following the MeJA treatment (SI Figure 7b). Thus, 
CRF2 might be functioning redundantly with CRF1 in the MeJA-induced susceptibility of 
Arabidopsis to downy mildew. Currently, we generating a crf1-1/crf2-2 double mutant to be 
tested for susceptibility to downy mildew after treatment with MeJA.

Discussion
Naturally occurring BSR of Arabidopsis to downy mildew was found in several Arabidopsis 
accessions such as C24 and RLD [139]. Our previous study on the genetic analysis of C24 
resistance to several Hpa isolates revealed that C24 BSR is not controlled by a single locus; 
instead, different combinations of isolate-specific resistance loci are responsible for that [94]. 
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Figure 6. Responses of mutant crf1-1, CRF1 overexpression line OX#1 and the wild type 
Col-0 seedlings grown for 8 days on MS plates containing methyl jasmonate (MeJA) at a 
concentration 75 µM compared to control plates without MeJA. (a) Primary root growth was 
significantly reduced in all tested lines following MeJA treatment compared to the mock-
treated seedlings (Tukey HSD, α=0.05). (b) Anthocyanin, measured as absorbance of plant 
extracts at 530 nm, was significantly increased in Col-0, crf1-1 and CRF1 OX#1 plants and 
differences between the lines were not significant (Tukey HSD, α=0.05). (c) Chlorophyll 
levels, measured as absorbance of plant extracts at 657 nm, were reduced in all seedlings 
grown on the MeJA supplemented plates. Measured chlorophyll content was lower in the 
CRF1 OX#1 line compared to Col-0 and the crf1-1 mutant (Tukey HSD p<0.001). Results of 
three independent experiments were combined and analyzed with mixed ANOVA followed 
by Tukey HSD test (α=0.05, n=9). Error bars represent ±SD.
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In this study we aimed to identify novel genetic loci that contribute to natural Arabidopsis 
resistance to downy mildew in the non-isolate specific manner. It is known from previous work 
that resistance of natural Arabidopsis accessions is strongly associated with gene clusters 
containing genes mediating isolate-specific resistance [107, 138]. These resistance loci mask 
the effects of putative BSR loci. Therefore, we decided to perform association mapping of 
susceptibility to simultaneous infection with four downy mildew isolates in >250 Arabidopsis 
accessions of the core HapMap population. In our screen, the accession is expected to be 
resistant if it has a BSR or a loss-of-susceptibility locus or if it has multiple independent 
loci conferring resistance to all tested isolates separately. Also the level of susceptibility of 
Arabidopsis accessions could be influenced by isolate-specific resistance genes, i.e. two 
accessions can be different in susceptibility to mixed Hpa infection due to different number 
of isolate-specific resistance loci and not due to variation at BSR or susceptibility loci. 
Thus, isolate-specific resistance genes could reduce the power of our approach to detect 
BSR or susceptibility loci by elevating phenotypic variation within different genotype groups 
and increase the number of false negatives. Therefore, we used less stringent significance 
thresholds compared to thresholds derived from FDR or Bonferroni correction.
Interaction of plants with a compatible or incompatible pathogen is known to affect defense 
response to subsequent infection with another pathogen. This phenomenon is referred to 
as induced inaccessibility or accessibility. An example of induced accessibility follows the 
successful establishment of haustoria by compatible powdery mildew isolates in oat and 
barley that suppresses cell death induced by the incompatible isolates in previously infected 
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Figure 7. Sporulation of the downy mildew Hpa Waco9 on Arabidopsis wild type Col-0 and 
the crf1-1 mutant after methyl jasmonate (MeJA) and mock treatment. Seedlings of the 
Col-0 and crf1-1 lines were sprayed for five, three or one days with 100 µM MeJA before 
Hpa inoculation. Under all variants of MeJA treatment, level of Hpa Waco9 sporulation 
was significantly increased in Col-0 plants compared to mock treatment. Treatment of Col-
0 seedlings with MeJA for five days prior Hpa inoculation resulted in higher spore counts 
compared to Col-0 seedlings pretreated only for one day. The crf1-1 mutant also supported 
higher sporulation in all cases of pretreatment with MeJA compared to mock-treated plants. 
Results of five independent experiments were combined and analyzed with mixed ANOVA 
followed by Tukey HSD test at α=0.05 (n=10). Genotypes and treatments with significantly 
different means are marked with different letters. Error bars represent ±SEM.
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epidermal cells or in adjacent epidermal cells. Conversely, in both oat and barley infection 
with incompatible powdery isolates reduced penetration efficiency and increased cell death 
frequency upon subsequent infection with compatible isolates [244, 245]. Induced local 
resistance (inaccessibility) was also found after infection with a virulent pathogen, e.g. in the 
interaction of barley with the compatible rust fungus Puccinia hordei that reduced susceptibility 
to a subsequent infection with the compatible powdery mildew fungus Blumeria graminis [246]. 
In addition to the local effects, incompatible interactions with avirulent pathogens can lead to 
enhanced resistance to virulent pathogens in systemic plant organs, which is called systemic 
acquired resistance. In contrast to situations where plants are exposed to consecutive 
infection with compatible and incompatible pathogens, available experimental data suggest 
that simultaneous infection with compatible and incompatible pathogens does not affect 
resistance of plants to the individual ones. It was reported that in poplar growth of compatible 
and incompatible Melampsora rust fungi in the case of mixed infection did not significantly 
differ from growth of these rusts in individual inoculations [247]. Similarly, transcriptional 
response of poplar plants to the mixed infection could be explained as a sum of transcriptional 
responses to individual infections suggesting minimal interaction between resistance 
pathways against these pathogens [248]. To our knowledge, the effect of simultaneous 
infection with compatible and incompatible isolates has not been reported for Hpa. We found 
that susceptibility of Arabidopsis accessions to mixed infection was positively correlated with 
susceptibility to individual Hpa isolate Emco5, Noco2, Waco9 and Cala2 (ρ=0.314..0.464, 
p=0.14..0.005), however the correlation was much stronger with the average susceptibility 
score for these isolates (ρ=0.649, p<10-4). These findings indicate that in Arabidopsis during 
mixed Hpa infection there is no preference either for induced accessibility or inaccessibility.
Assocation mapping of Arabidopsis susceptibility to mixed downy infection revealed three 
candidate loci: At5g53750…MLO11, SCAP1 and CRF1. The function of these genes in 
Arabidopsis disease resistance or susceptibility has not been reported so far. The scap1 
mutant and the silencing line RNAi 8-2 were slightly more resistant to downy mildew compared 
to the wild type Col-0. SCAP1 was recently shown to regulate development of guard cells 
via transcriptional activation of MYB60 and GORK encoding TF and K+-channel proteins, 
respectively. In addition, the scap1 mutation suppresses demethylesterification of pectin in 
the walls of guard cells that likely results in increased elasticity of cell walls [240]. Given that 
SCAP1 is expressed not only in the guard cells [240], it is plausible that modification of cell 
walls in leaf mesophyll of the mutant affects the Hpa infection process. Besides that, it cannot 
be excluded that SCAP1 is required for successful infection of Arabidopsis by downy mildew.
We focused our study on the role of CRF1 in Arabidopsis susceptibility to downy mildew. 
This gene encodes for a TF belonging to the group VI ERFs with the predicted AP2 repressor 
domain [249]. The CRF1 ortholog of tomato, Pti6, interacts in the yeast-two-hybrid system 
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with the Pto kinase of tomato, and positive effect of Pto on PR-genes expression in transgenic 
tobacco is suggested to be mediated by Pti6 homologs [250]. Both Tsi1, the CRF1 orthologous 
protein in tobacco, and Pti6 bind to the GCC-box found in promoters of PR-genes [241, 
242, 250]. The GCC-box is found in promoter elements of PR-genes and is important for 
JA-induced PDF1.2 expression [251] and SA-mediated negative regulation of JA-induced 
PDF1.2 expression in Arabidopsis [252]. These findings suggest that CRF1 of Arabidopsis 
might also affect Arabidopsis resistance.
We found that enhanced susceptibility of Arabidopsis to mixed infection with Hpa is 
associated with polymorphisms in the CRF1 upstream sequence but not with polymorphisms 
in the protein coding sequence. Analysis of CRF1 mRNA levels in different Arabidopsis 
accessions demonstrated that lower abundance of CRF1 transcripts in uninfected seedlings 
positively correlated with partial or complete resistance to Hpa and presence of deletion and 
insertion at the indel 1 and 2 loci respectively in the CRF1 promoter element suggesting 
that polymorphisms in the upstream sequence in susceptible Arabidopsis accessions lead 
to derepression of CRF1 transcription. Even though the crf1-1 knockout mutant did not show 
altered resistance phenotype to Hpa Waco9 compared to the wild type Col-0, the crf2-2 
mutant was less susceptible to the downy mildew isolate Waco9. We hypothesize that CRF1 
and CRF2 have overlapping functions in negative regulation of Arabidopsis resistance to Hpa 
and future testing of the double mutant may reveal the function of CRF1/CRF2 during infection 
with downy mildew.
Of the Arabidopsis CRF1 overexpression lines tested, only one showed elevated resistance 
to Hpa at the seedling stage. The effect of CRF1 overexpression on resistance of plants to 
pathogens is not understood. Indeed, overexpression of Tsi1 in tobacco leads to enhanced 
resistance to Pseudomonas syringae pv. tabaci [241]. In contrast, overexpression of tomato 
Pti6 in Arabidopsis did not result in elevated resistance to the powdery mildew G. orontii 
and to Pst [242]. In this study we observed that 3-4 week-old Arabidopsis plants from CRF1 
overexpression lines displayed spontaneous cell death suggesting that CRF1 overexpression 
can also lead to perturbation of the Arabidopsis immune network resulting in cell death not 
considerably affecting pathogen resistance.
We observed that CRF1 is quickly and transiently induced after MeJA treatment and co-
regulated with a cluster of genes associated with JA-related GO terms. Interestingly, the CRF1 
overexpression line with elevated resistance to Hpa showed a lower chlorophyll level after 
growing on MeJA plates compared to the wild type and the crf1-1 mutant suggesting that 
CRF1 might play a role in Arabidopsis response to MeJA. Overexpression of tomato Pti6 in 
Arabidopsis leads to higher PDF1.2 transcript levels indicating activation of ERF1-branch 
of MeJA-induced pathway [242]. Interestingly, we observed that MeJA treatment makes 
Arabidopsis Col-0 seedlings more susceptible to Hpa indicating that the MeJA-pathway 
negatively affects Arabidopsis resistance to Hpa. In our experiments, the crf1-1 mutant was 
not impaired in MeJA-induced susceptibility when MeJA was applied before Hpa inoculation. 
Given that the Arabidopsis crf2-2 mutant was significantly more resistant to Hpa, it is important 
to check whether the crf1-1/crf2-2 double mutant is defective in MeJA-induced susceptibility 
to Hpa.
In summary, association mapping of Arabidopsis susceptibility to mixed infection with several 
downy mildew isolates identified three novel loci affecting Arabidopsis-Hpa interaction. 
Future studies will reveal the potential role and mechanism by which these host genes affect 
susceptibility and resistance to downy mildew
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Supporting information

SI Table 1. Arabidopsis thaliana accessions of the HapMap population tested for susceptibility to the 
mixed infection with the four Hpa isolates Waco9, Cala2, Emco5 and Noco2.

Accession Name Susceptibility 
score*

Accession Name Susceptibi l i ty 
score*

CS22689 RRS-10 2 CS28779 Tscha-1 1

CS28007 Aa-0 3 CS28780 Tsu-0 3

CS28014 Amel-1 2.5 CS28786 Ty-0 3

CS28018 Ang-0 3 CS28787 Uk-1 2.75

CS28049 Ann-1 3 CS28788 Uk-2 3

CS28053 Ba-1 3 CS28795 Utrecht 3.5

CS28063 Be-1 2.5 CS28804 Wa-1 1

CS28097 Bs-2 2.5 CS28808 Wag-3 1

CS28099 Bsch-0 1 CS28810 Wag-5 2.5

CS28108 Bu-8 1 CS28822 Wl-0 2.5

CS28128 Ca-0 2.5 CS28823 Ws 3.5

CS28133 Cha-0 3 CS28833 Wt-3 3.5

CS28135 Chat-1 1.5 CS28847 Zu-1 1

CS28140 CIBC2 2 CS28848 Ors-1 1

CS28141 CIBC4 2.5 CS28849 Ors-2 1

CS28142 CIBC5 1 CS76083 11ME1.32 2.5

CS28163 Co-2 1.75 CS76085 328PNA054 1

CS28181 Cold Spring Har-
bor Lab-5

2 CS76087 Ag-0 1.5

CS28193 Com-1 2.5 CS76088 Alc-0 3

CS28200 Da-0 3 CS76091 An-1 2.5

CS28201 Da(1)-12 2.5 CS76092 App1-16 2.5

CS28202 Db-0 1 CS76093 Ba1-2 1

CS28208 Di-1 1 CS76094 Bay-0 1

CS28210 Do-0 1.25 CS76096 Bg2 1.5

CS28214 Dra-2 1.5 CS76097 Bla-1 2

CS28217 Ede-1 3 CS76098 Blh-1 1

CS28236 Ep-0 1 CS76099 Bor-1 1.5

CS28243 Est-0 1 CS76100 Bor-4 1

CS28252 Fi-1 1 CS76101 Br-0 1.5

CS28268 Fr-4 1.5 CS76102 Bro1-6 2.5

CS28277 Ge-1 2 CS76103 Bu-0 3

CS28279 Gel-1 2.5 CS76104 BUI 3

CS28280 Gie-0 2 CS76105 Bur-0 2.5

CS28282 G”-0 = Gö-0 2 CS76106 C24 1
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CS28326 Gr-5 1 CS76108 CAM-61 1.5

CS28332 Gü-1 1.5 CS76109 Can-0 2

CS28345 Hh-0 1 CS76110 Cen-0 3

CS28350 Hn-0 1 CS76111 CIBC17 2

CS28369 Jl-3 1 CS76112 CLE-6 3.5

CS28373 Jm-1 1 CS76113 Col-0 3

CS28382 Kelsterbach -2 1 CS76114 Ct-1 1.5

CS28394 Kl-5 2.5 CS76115 CUR-3 1.5

CS28395 Kn-0 1 CS76116 Cvi-0 3.25

CS28419 Kr-0 2 CS76119 DraIV1-14 2

CS28420 Kro-0 1.5 CS76120 DraIV1-5 1

CS28423 Krot-2 1.5 CS76122 DraIV6-16 2.5

CS28454 Li-3 2.5 CS76123 DraIV6-35 1

CS28457 Li-5:2 1.5 CS76124 Duk 3

CS28459 Li-6 2 CS76125 Eden-2 2.5

CS28461 Li-7 3.5 CS76126 Edi-0 2

CS28492 Mh-0 2.5 CS76127 Est-1 1

CS28495 Mnz-0 1.5 CS76128 Fab-4 1

CS28513 N7 3.25 CS76129 Fei-0 1.75

CS28550 NFC20 2 CS76132 Fja1-5 1.5

CS28564 No-0 3 CS76133 Ga-0 1

CS28573 Nw-0 2 CS76134 Gd-1 2

CS28575 Nw-2 3 CS76136 Goettingen-7 3

CS28580 Ob-1 3.5 CS76137 Gr-1 3

CS28583 Old-1 3 CS76139 Gy-0 1

CS28587 Or-0 4 CS76140 Hi-0 1

CS28595 Pa-2 2 CS76141 Hod 1

CS28613 PHW-13 2.5 CS76143 Hovdala-2 3.5

CS28620 PHW-20 1 CS76144 HR5 2

CS28622 PHW-22 2.5 CS76145 Hs-0 3.5

CS28628 PHW-28 1 CS76146 HSm 1.5

CS28633 PHW-33 2 CS76148 JEA 2.5

CS28640 Pla-0 2 CS76149 Ka-0 1

CS28645 Pn-0 2.75 CS76150 Kas-2 2

CS28650 Pog-0 2 CS76151 KBS-Mac-8 1.5

CS28685 Rhen-1 2.5 CS76152 Kelsterbach -4 2.5

CS28720 S96 1 CS76153 Kin-0 2.75

CS28724 Sapporo-0 2 CS76154 Knox-18 1

CS28725 Sav-0 3.5 CS76156 Kulturen-1 1.5

CS28729 Sei-0 1.75 CS76157 LAC-3 1
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CS28734 Sh-0 3 CS76158 LAC-5 2.5

CS28739 Si-0 2.5 CS76159 Lc-0 2.5

CS28758 Tha-1 3 CS76160 LDV-14 2

CS28760 Tiv-1 1 CS76161 LDV-25 1.5

CS76162 LDV-34 2.5 CS76269 UduI1-34 1

CS76163 LDV-58 4 CS76272 UKID37 2

CS76164 Ler-1 2 CS76273 UKID48 2

CS76165 LI-OF-095 1.5 CS76274 UKID80 1.5

CS76166 Liarum 3 CS76275 UKNW06-059 2

CS76168 Lip-0 2 CS76276 UKNW06-060 1.5

CS76171 PHW-33 3 CS76281 UKSE06-192 1

CS76172 LL-0 3 CS76282 UKSE06-272 2

CS76173 Lm-2 2.5 CS76284 UKSE06-349 3

CS76174 Lom1-1 1.5 CS76285 UKSE06-351 1

CS76175 Lov-5 2 CS76289 UKSE06-482 3

CS76176 Lp2-2 1.5 CS76293 Ull2-3 3.25

CS76177 Lp2-6 2 CS76296 Uod-7 1

CS76179 Lz-0 1 CS76297 Van-0 2.75

CS76181 MIB-15 3 CS76299 VOU-1 2

CS76183 MIB-28 2.5 CS76300 VOU-2 1

CS76184 MIB-84 2.5 CS76301 Wei-0 2.5

CS76185 MNF-Che-2 2 CS76302 Wil-1 1

CS76187 MNF-Pot-48 2 CS76303 Ws-0 1.5

CS76188 MNF-Pot-68 2.5 CS76304 Wt-5 1.75

CS76190 Mr-0 2 CS76305 Yo-0 2.5

CS76191 Mrk-0 4 CS76306 Zdr-6 1

CS76192 Mt-0 1.5 CS76307 ZdrI2-24 2

CS76193 Mz-0 1.5 CS76263 TOU-I-17 3

CS76194 N13 1.5 CS76266 TOU-J-3 2.5

CS76195 Na-1 3 CS76267 TOU-K-3 1.5

CS76197 Nd-1 3 CS76268 Ts-1 1.5

CS76198 NFA-10 2

CS76199 NFA-8 2

CS76200 Omo2-1 1.5

CS76202 Ost-0 1

CS76203 Oy-0 1.5

CS76204 Pa-1 1

CS76206 PAR-4 3

CS76208 Paw-3 1

CS76210 Per-1 1
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CS76211 Petergof 1 CS76253 TOU-A1-116 3

CS76213 Pna-17 1 CS76254 TOU-A1-12 1

CS76214 Pro-0 2.75 CS76255 TOU-A1-43 1.5

CS76215 Pu2-23 1.5 CS76256 TOU-A1-62 1.5

CS76216 Ra-0 3 CS76257 TOU-A1-67 1.5

CS76217 Rak-2 1 CS76258 TOU-A1-96 2.5

CS76218 Rennes-1 1 CS76259 TOU-C-3 3

CS76220 Rmx-A180 3 CS76260 TOU-E-11 2.5

CS76221 ROM-1 2.5 CS76261 TOU-H-12 2.5

CS76222 Rsch-4 2.5 CS76262 TOU-H-13 3

CS76223 Sanna-2 2.5

CS76224 Sap-0 2.5

CS76225 Sav-1 1

CS76226 Se-0 1

CS76227 Sha 1

CS76228 SLSP-30 2.5

CS76230 Sq-8 2

CS76231 St-0 2.5

CS76232 Ste-3 1

CS76233 T1040 1

CS76239 T540 1.5

CS76240 T620 1.5

CS76242 Ta-0 1

CS76243 Tad01 3

CS76244 Tamm-2 2

CS76245 TDr-1 2

CS76247 TDr-18 2

CS76249 TDr-8 4

CS76251 Tottarp-2 3.5

CS76252 TOU-A1-115 2
* - Susceptibility score: 1 - no sporulation; 2 - <15% of seedlings are sporulating plants; 3 – 15-80% of 
seedlings are sporulating; 4 - >80% of seedlings are intensively sporulating



76

SI Table 2. Susceptibility of Arabidopsis thaliana accessions to the Hpa isolate Waco9

Name Susceptibility* Name Susceptibility*

Ag-0 0 Pro-0 1

An-1 1 Pu2-23 1

Bay-0 1 Ra-0 1

Bor-1 0 Rmx-A180 1

Bor-4 0.5 RRS-10 0.5

Br-0 0.5 Se-0 0

Bur-0 0 Sq-8 1

C24 0 Tamm-2 1

CIBC17 1 Ts-1 0

CIBC5 0 Ull2-3 1

Col-0 1 Uod-7 0

Ct-1 0 Van-0 1

Eden-2 1 Wa-1 0

Edi-0 1 Wei-0 0.5

Est-1 1 Ws-0 1

Fei-0 0 Wt-5 1

Ga-0 0 Yo-0 1

Gy-0 0 Zdr-6 1

HR5 0 Omo2-1 0

Kin-0 0 Pna-17 0

Knox-18 1 Mr-0 1

Ler-1 0 Mt-0 1

LL-0 1 Mz-0 0

Lov-5 1 NFA-10 1

Lp2-2 0 NFA-8 1

Lp2-6 1

Lz-0 0
* - Susceptibility score: 0 – full resistance, 0.5 – few sporulating conidiophores observed, 1 – majority or 
all seedlings accession are susceptible
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SI Table 3. Correlation between susceptibility of Arabidopsis thaliana accessions to infection with individ-
ual and mixed downy mildew isolates 

Hpa isolate Spearman’s rank 
correlation coeffi-
cient ρ

Bonferroni cor-
rected p-value

Number of accessions

Emco5$ 0.353 0.040* 56

Noco2$ 0.354 0.040* 56

Waco9$$ 0.464 0.005** 51

Cala2$$$ 0.314 0.14 49

Average resistance score for 
the isolates Emco5, Noco2, 
Waco9

0.649 <0.001*** 45

Flags for the significance levels of the ρ correlation coefficient: * - p=0.05..0.01, ** - p=0.01..0.001, *** - 
p<0.001
$ - susceptibility scores were taken from [107]
$$ - susceptibility was scored in this study (experiment was performed once)
$$$ - susceptibility scores were taken from [136]

SI Table 4. Sequences of primers used in this study

Primer name 5’->3’ sequence Application

GABI_068G09_LP TCCTTACGCAACAGATTCGTC Genotyping of the crf1-1 mu-
tantGABI_068G09_RP CGTGAGACAACACGTGATACG

GABI kat LB ATATTGACCATCATACTCATTGC

CRF2OX_Fw caccATGGAAGCGGAGAAG Genotyping of the crf2-2 mu-
tantCRF2OX_open_Rv AACAGCTAAAAGAGGATCCG

SAIL LB2 GCTTCCTATTATATCTTCCCAAATTAC-
CAATACA

SAIL-1151-G06_LP TTTAGTCCGTTTTCACATGCC Genotyping of SAIL-1151-G06

SAIL-1151-G06_RP GGAGGAGGAAGTGAATGGAAC

LBb1.3 ATTTTGCCGATTTCGGAAC

CRF1_expr2_Fw CCGGTTTCTGTTCTCGAATC Relative quantification of 
CRF1 mRNA levels with qRT-
PCR

CRF1_expr2_Rv CGGCTCCTTTTTAACCACAA

ACT2_Fw AATCACAGCACTTGCACCA

ACT2_Rv GAGGGAAGCAAGAATGGAAC

CRF1_indel_Fw TGGAGGATGCGGTTTTAGTC Confirmation of the presence 
of deletion in the CRF1 pro-
moter of different Arabidopsis 
accessions

CRF1_indel_Rv CAAACACGGTCCACGTTAAA

CRF1_4Fw TCGACTTGTGTGTCTTTTTAACG

CRF1_5Rv TCACGAAGAAACTTTGAAAACC

CRF1_6Fw TTTAGTTACTTATCTTAGCCGATTGGA

CRF1_6Rv CCAAAAGAGATGTTGGCAGA
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SI Table 5. List of Arabidopsis accessions used for the analysis of CYTOKININ RESPONSE FACTOR 1 
mRNA levels.

Accession Deletion at the indel 1 locus Deletion at the indel 2 locus
Susceptibility to 

mixed downy mil-
dew infection*

Bay-0 YES NO 1

Blh-1 YES NO 1

Bsch-0 YES NO 1

C24 NO NO 1

Col-0 YES NO 3

Do-0 YES NO 1.25

Est-1 YES NO 1

Ga-0 YES NO 1

Gy-0 YES NO 1

Hi-0 YES NO 1

Hn-0 YES NO 1

Kn-0 YES NO 1

Per-1 YES NO 1

Rak-2 YES NO 1

Rennes-1 YES NO 1

Wil-1 YES NO 1

Aa-0 NO YES 3

Alc-0 NO YES 3

Ba-1 NO YES 3

Bu-0 NO YES 3

Ca-0 NO YES 2.5

Eden-2 NO YES 2.5

Gel-1 NO YES 2.5

Hovdala-2 NO YES 3.5

Kl-5 NO YES 2.5

Liarum NO YES 3

Lm-2 NO YES 2.5

Rhen-1 NO YES 2.5

Sanna-2 NO YES 2.5

St-0 NO YES 2.5

T-Dr8 NO YES 4

Tha-1 NO YES 3

Ty-0 NO YES 3

Utrecht YES NO 3.5
* - susceptibility scores are reproduced from the SI Table 1.
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SI Figure 1. Manhattan plot of the genome-wide association (GWA) mapping results for 
susceptibility of Arabidopsis to the mixed infection with four isolates of the downy mildew 
Hpa. Association between a single nucleotide polymorphism (SNP) and susceptibility was 
determined with the Kruskal-Wallis test (GWAPP tool), and the corresponding –log10(P) 
values are plotted on all five Arabidopsis chromosomes shown in different colors. SNPs with 
scores above the arbitrary threshold –log10(P)=5 (Kruskal-Wallis test, GWAPP tool) were 
considered as strongly associated with the susceptibility phenotype. Candidate loci used 
further for the locus-specific association mapping are labeled with numbers corresponding 
to the numbers on SI Figure 2.
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SI Figure 2. Locus-specific association mapping for the candidate loci found to be associated 
with Arabidopsis resistance to the mixed infection with the downy mildew Hpa in the 
genome-wide association mapping (Kruskal-Wallis test -log10{p-value}≥5). The number on 
top of each locus corresponds to a locus number on the SI Figure 1. Most of the candidate 
loci did not show strong association with resistance to Hpa (Kruskal-Wallis test -log10{p-
value}<4). However, the loci At5g53750..AtMLO11 and At5g65590/SCAP1 were significantly 
associated with this phenotype (Kruskal-Wallis test, -log10{p-value}>4, FDR<0.05). The 
locus At4g11130..At4g11140/CRF1 was also nominally associated with resistance to mixed 
Hpa infection (Kruskal-Wallis test, -log10p=4.27, FDR=0.1642; EMMA, -log10p=4.57, 
FDR=0.2414).
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SI Figure 3. Decay of linkage disequilibrium (r2) with the distance between markers on the 
intervals used for locus-specific association mapping of At5g53750..MILDEW LOCUS O 11, 
CYTOKININ RESPONSE FACTOR 1 and STOMATAL CARPENTER 1. Marker pairs with 
similar r2 and distance values were grouped with the hexagon binning algorithm. Intensity of 
grey within each bin (hexagon) reflects number of marker pairs in this bin. The red regression 
curve depicts relationship between the linkage disequilibrium and distance between markers.
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SI Figure 4. (a) Association between polymorphisms within and around the CYTOKININ 
RESPONSE FACTOR 1 locus and resistance to Hpa. Each dots shows the significance of 
association of polymorphic positions as determined with the K-method of mapping in the 
population of 142 Arabidopsis accessions. Most of the significant associations were found 
within the ca. 3 kb CRF1 upstream region (cut-off at -log10{p-value}>2.3, FDR<5%).
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SI Figure 4 (continuation): (b) Schematic representation of multiple alignment of the CRF1 
upstream region from SI thirteen Arabidopsis accessions associated with susceptibility to 
mixed Hpa infection. Nine susceptible accessions have deletion shown as indel 2 on the 
figure, and four resistant accessions have deletion in the region labeled as indel 1 relative 
to the nine susceptible accessions. Arrows labeled as CRF1_indel_Fw, CRF1_indel_Rv, 
CRF1_4Fw, CRF1_5Rv, CRF1_6Fw and CRF1_6Rv indicate location of primers used to 
amplify the aligned region and validate the indel mutations in other accessions.
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SI Figure 5. Agarose gel with amplicons spanning the indel 1 and indel 2 loci in different 
Arabidopsis accessions. Upper panel: the indel 1 locus is amplified with the primer 
combination CRF1_4Fw and CRF1_5Rv. The expected amplicon size in Col-0 accession 
is 1438 bp. Fifteen resistant accessions have the amplicon smaller than amplicons 
from susceptible accessions. Lower panel: the indel 2 locus is amplified with the primer 
combination CRF1_6Fw and CRF1_6Rv. Seventeen susceptible have ca. 200 bp deletion 
relative to the reference Col-0 and resistant accessions. The number in front of the accession 
name represents the susceptibility score.
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GO:0009694 jasmonic acid metabolic process p=9.96e-16 
GO:0009753 response to jasmonic acid stimulus p=4.32e-15
GO:0009725 response to hormone stimulus p=2.01e-07
GO:0009611 response to wounding p=7.66e-07
GO:0009719 response to endogenous stimulus p=1.19e-06 
GO:1901700 response to oxygen-containing compound p=2.46e-06
GO:0080086 stamen filament development p=4.01e-05
GO:0009695 jasmonic acid biosynthetic process p=4.56e-05

SI Figure 6. Dynamics of CYTOKININ RESPONSE FACTOR 1 (CRF1) mRNA levels 
following treatment of the wild type Arabidopsis Col-0 plants with salicylic acid (SA) at the 
concentration 1 mM, methyl jasmonate (MeJA) at the concentration 100 µM and the combined 
SA/MeJA treatment. CRF1 transcripts are quickly induced after MeJA and combined SA/
MeJA treatment, however they drop to a level of mock treatment at 10 hours after MeJA and 
at 6 hours after the combined SA/MeJA treatment. SA treatment did not raise CRF1 mRNA 
levels at the tested time points. Below the graph the gene ontology (GO) terms are indicated 
that are overrepresented in the set of CRF1 co-regulated genes.
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SI Figure 7. (a) Transcriptional dynamics of CYTOKININ RESPONSE FACTORs (CRF) 
1 and 2 during infection with different pathogens, after elicitor/MAMP treatment and 
hormone application. The log2 transformed ratios of the gene transcripts were derived 
with GeneVestigator. Overview of publicly available microarray data was done only for wild 
type Arabidopsis accessions under biotic stresses, after elicitor application, and hormone 
treatments when expression of CRF1 or 2 under the treatment was significantly higher or 
lower 1.5 times compared to the mock treatment (p<0.05). CRF1 does not demonstrate 
substantial regulation during infection with compatible and incompatible adapted and non-
adapted pathogens; only treatment with elf26 and pep2 resulted in a slight decrease in 
CRF1 mRNA levels. In contrast, CRF2 mRNA abundance is decreased after infection with 
biotrophic pathogens, e.g. the powdery mildew Golovinomyces orontii and the downy mildew 
Hpa. Decrease in CRF2 transcripts was also found in plants infected with the hemibiotroph 
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Pseudomonas syringae, non-adapted pathogens Phytophthora infestans and Blumeria 
graminis. Similarly, CRF2 mRNA levels were reduced following the treatment with elicitors 
such as elf18, elf26 and hairpin Z and pep2. Notably, CRF2 was slightly transcriptionally 
upregulated after exposure to the volatiles from Stenotrophomonas and Serratia rhizobacteia 
that induce hydrogen peroxide accumulation in Arabidopsis. Also, CRF2 mRNA accumulated 
treatment with the cytokinin zeatin. Finally, CRF2 mRNA levels were increased 1 hour after 
methyl jasmonate application but decreased in the salicylic acid treated plants. (b) Dynamics 
of CRF2 mRNA levels following treatment of the wild type Arabidopsis Col-0 plants with 
SA at the concentration 1 mM, MeJA at the concentration 100 µM and the combined SA/
MeJA treatment. CRF2 mRNA levels expressed as normalized RNA-seq counts are strongly 
reduced after treatment with SA and SA/MeJA. MeJA treatment did not substantially affect 
levels of CRF2 mRNA except for time points at 2-4 and 12 hours following MeJA application.
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Abstract
The pathogen Hyaloperonospora arabidopsidis (Hpa), causing downy mildew in 
Arabidopsis, grows inside host tissues and forms specialized infection structures 
in plant cells, called haustoria. Local host responses to pathogens contribute to 
susceptibility or resistance to infection. However, responses of Arabidopsis in cells 
invaded by Hpa haustoria are poorly studied. Therefore, we aimed to identify host 
disease-related proteins in Hpa-infected cells. For this, cell-specific N-glycotagging was 
deployed to specifically tag proteins with complex N-glycans in infected Arabidopsis 
cells. Immunoprecipitation-based enrichment of tagged proteins followed by label-
free quantitative proteomic analysis revealed 18 candidate disease-related complex 
N-glycosylated proteins. The IMPAIRED IN OOMYCETE SUSCEPTIBILITY 1 (IOS1) gene, 
encoding one of the identified proteins, was previously shown to be transcriptionally 
activated specifically in the downy mildew infected cells and important for successful 
pathogen development, providing an important proof-of-principle of our method. 
Analysis of publicly available microarray data indicated that the majority of genes 
encoding the identified proteins are differentially expressed during pathogen infection 
suggesting their putative involvement in Arabidopsis disease susceptibility. Analysis 
of susceptibility of mutants for the identified genes revealed a potential important role 
of PLASMODESMATA GERMIN LIKE PROTEIN 1 and SUBTILASE 3.5 in Arabidopsis 
susceptibility to Hpa. Functional analysis of the identified disease-related Arabidopsis 
proteins will further improve our understanding of the host processes affected in 
downy mildew-infected cells.

Introduction
The inability of plants to mount proper immune responses can be one of the causes of 
infectious diseases. Also, plant susceptibility factors can promote disease development by 
attracting pathogens, stimulating their germination and penetration, facilitating establishment 
of infectious structures inside infected host cells, and providing nutrition [217]. Pathogen 
infection causes changes in systemic uninfected plant tissues, e.g. in photosynthetic activity 
[81, 253] or by priming for defense responses [254]. Local immune responses of plants to 
pathogens can stop pathogen infection and often involves a hypersensitive response at the 
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penetration site or invaded host cells [255] and a balanced immune response in the adjacent 
uninfected cells [256, 257]. Non-immunity related host responses of pathogen-infected and 
surrounding cells, e.g. endoreduplication [89] and increase in alcohol dehydrogenase activity 
[76], are also important for successful infection by certain pathogens. Many biotrophic and 
hemibiotrophic fungal and oomycete pathogens form specialized structures, called haustoria, 
which penetrate through the plant cell wall but remain separated from the host cell cytoplasm 
by the invaginated plant plasma membrane [22]. That points to the importance of local plant 
responses during the infection process. Haustoria were shown to be a site of translocation 
of pathogen effector molecules [51-53, 258] and to play a role in nutrient uptake [34, 259]. 
Therefore, studying of host infection-related processes at the level of single cells containing 
pathogen haustoria is essential for understanding local plant responses to infection.
Several approaches have been developed to study local cell-type specific processes in 
plants. They include mechanical separation of selected cell types, e.g. by laser capture 
microdissection (LCM), fluorescence activated cell sorting and isolation of tagged nuclei from 
specific cell types [260]. In studies of plant-microbe and plant-nematode interactions, LCM 
or shearing-off root hairs was used to obtain samples enriched in infected cells. In these 
studies, RNA from these tissues was analyzed by DNA microarrays or quantitative real-time 
polymerase chain reaction to identify genes abundantly transcribed or induced in infected 
plant cells [261, 262]. However, protein levels are well-known to be regulated not only at the 
level of transcription but also at the post-transcriptional levels. Therefore, proteome analysis 
of infected cells is a critical step in understanding plant responses to pathogen infection.
Downy mildew of Arabidopsis thaliana (hereafter Arabidopsis) is caused by the obligate 
biotrophic oomycete pathogen Hyaloperonospora arabidopsidis (Hpa). The interaction 
between these two well-studied organisms is a frequently used model to elucidate mechanisms 
of disease susceptibility and resistance in plants [118]. Hpa grows intercellularly and forms 
haustoria in adjacent plant cells. However, virtually nothing is known about molecular events 
that occur inside Arabidopsis cells invaded by this oomycete pathogen.
Characterization of cell type-specific proteomes is challenging and depends on the efficiency 
of the methodology to isolate specific cell types. So far, such analyses were performed in 
systems for which it is possible, yet challenging, to isolate sufficient amounts of pure and 
uniform cell populations, e.g. root hairs, trichomes, pollen grains and tubes, egg cells, nitrogen 
fixing nodules [263-265], S-cells located between phloem and endodermis [266], and root 
cells [267]. Plant cell type-specific proteome profiling during interactions with pathogenic 
microorganisms, however, has not been reported so far to our knowledge. Another obstacle 
in the analysis of cell type-specific proteomes is the complexity of proteins in samples and the 
dynamic range in protein concentrations that complicates detection of low-abundant proteins. 
One of the solutions, extensive peptide separation prior to mass spectrometry (MS), makes 
analyses very time-consuming and costly thus limiting the number of tested samples [268]. 
Another solution is enriching a sub-fraction of the proteome by focusing on proteins with 
specific post-translational modifications, e.g. glycoproteins.
N-glycosylation of proteins is a posttranslational modification comprising binding of a sugar 
moiety (glycosyl group) to asparagine (N) residues within the NxS/T amino acid sequence. 
N-glycans of plants can be divided into high-mannose and complex glycans. Synthesis of 
high-mannose type glycans and their attachment to N residues occurs in the endoplasmatic 
reticulum (ER), whereas complex N-glycans are built up in the Golgi complex through further 
modification of high-mannose type glycans [269]. Transfer of N-acetylglucosamin (NAcGlc) 
groups by the NAcGlc transferase I (GnTI) is a key step in the synthesis on complex N-glycans. 
The complex glycan less 1-1 (cgl1-1) mutant of Arabidopsis does not produce complex 
N-glycans under normal growth conditions due to introduction of an additional N-glycosylation 
site in the mutant GnTI protein that traps GnTI in the ER. Notably, the Arabidopsis cgl1 mutants 
do not show visible changes in plant growth [270-272]. GnTI activity enables all subsequent 
modifications of N-glycans including transfer of core β1,3 fucose and β1,2 xylose groups. The 
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last two groups are not essential for the synthesis of complex N-glycans in plants [273], but 
they are commonly found in plant N-glycans [274, 275]. Plant complex N-glycosylated proteins 
(CNGPs) can be efficiently detected with polyclonal antibodies raised against horseradish 
peroxidase. These polyclonal antibodies consist of two main fractions: one reacting to the 
core β1,3 fucose group and another to the core β1,2 xylose [274].
To identify proteins in downy mildew-infected cells of Arabidopsis, we applied cell-specific 
N-glycotagging followed by label-free quantitative liquid chromatography (LC) MS analysis. 
N-glycotagging is based on the restoration of complex N-glycosylation in Arabidopsis cells 
containing downy mildew haustoria. Previously, we identified the Arabidopsis DOWNY 
MILDEW RESISTANT 6 (DMR6) gene that is strongly activated in plant cells invaginated 
by haustoria of Hpa but not in neighboring uninfected cells [119]. In this study, the promoter 
of DMR6 was fused to the coding sequence of GnTI and transformed into the cgl1-1 mutant 
background to achieve accumulation of CNGPs specifically in downy mildew-infected cells. 
Using immunoprecipitation (IP), we enriched protein samples for CNGPs and analyzed them 
by LC-MS. Our glycotagging approach revealed 18 candidate CNGPs related to downy 
mildew infection of Arabidopsis cells. Differential expression of the majority of these genes 
during infection of Arabidopsis with different pathogens suggests that the identified CNGPs 
might play a role in disease susceptibility. This is further supported by fact that two of the 
CNGPs were previously implicated in Arabidopsis susceptibility to pathogens, including Hpa. 
Finally, by analyzing resistance of mutant lines, we found PLASMODESMATA GERMIN LIKE 
PROTEIN1 and SUBTILASE 3.5 to be novel players in Arabidopsis susceptibility to downy 
mildew.

Materials and methods
Plant material and growth conditions
Arabidopsis thaliana (L.) Heyhn (referred to as Arabidopsis) mutants in Col-0 background 
were obtained from NASC. Primers for T-DNA insertion mutant genotyping were designed 
with iSect tool [228] and are listed in SI Table 1. Names of the T-DNA insertion mutants 
for each gene are listed in the Table 2. The previously described single pdglp1, pdglp2 and 
double pdglp1/2 mutants and the pPDGLP1:PDGLP1-GFP line were provided by prof. dr. W. 
Lucas (UC Davis, USA). The ios1-1 mutant and 35S:IOS1 lines were obtained from dr. H. 
Keller (INRA, Antibes, France). The T-DNA insertion mutant SALK_085226 was provided by 
prof. dr. T. Nürnberger (University of Tübingen, Germany). Plants were grown at 21˚C under 
long day conditions (16h light/8h dark, light intensity 100 µmol/m2/sec).

Cloning and preparation of transgenic plants
The binary vectors containing pDMR6:GnTI and pDMR6:GUS were constructed via three-
way MultiSite Gateway ® recombination cloning procedure (Life Technologies, UK). The 2420 
bp region immediately upstream of DMR6 start codon in Col-0 (TAIR9) was PCR amplified 
and cloned into the pGEM-T/pDONR™ P4-P1R with Gateway® BP clonase® II Enzyme mix 
(Life Technologies, UK). Primer sequences are shown in the SI Table 1. The donor vector 
pGENTR221 (created by V. Jansweijer, Plant Developmental Biology, Wageningen University, 
the Netherlands) with GnTI coding sequence (AT4G38240), pGEM-T® Easy/pDONR221 
with β-glucuronidase (GUS) coding sequences, pGEM-T/ENT R2R3 with nos terminator, 
pGreenII 0125/pDEST-R4R3 and pGEM-T/ pDONR™ P4-P1R were kindly provided by dr. 
Renzé Heidstra (Plant Developmental Biology, Wageningen University, the Netherlands) 
[276]. The promoter, protein coding sequences and terminator were recombined into pGreenII 
0125/pDEST-R4R3 with Gateway® LR clonase® II Enzyme mix (Life Technologies, UK). The 
sequence-verified pDMR6:GnTI and pDMR6:GUS constructs were transformed into the cgl1-
1 mutant background via floral-dip transformation [277] using the Agrobacterium tumefaciens 
strain C58C1. Transgenic plants were selected on the MS medium containing 100 nM 
norflurazon. Experiments were performed on non-segregating T3 plants.
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Downy mildew infection assays
The downy mildew Hyaloperonospora arabidopsidis (Gäum.) Göker, Riethm., Voglmayr, Weiss 
& Oberw. (Hpa) isolate Waco9 was maintained as described previously [109]. All infection 
assays were performed on eleven-day-old seedlings at 16˚C under short day conditions 
(9h light/15h dark, light intensity 100 µmol/m2/sec, relative humidity 100%) with a standard 
inoculum density of 50 conidiospores/µl. Intensity of sporulation was determined by spore 
counting at 6-7 days post inoculation and expressed in spores/mg of fresh seedling weight.

Whole-mount β-Glucuronidase (GUS) activity assays and trypan blue staining
At three days post inoculation either with Hpa or water as mock treatment, seedlings 
with the pDMR6:GUS construct in cgl1-1 background were subjected to the whole-mount 
β-Glucuronidase (GUS) staining as described previously [278] using Magenta GlcA substrate 
(M1412, Duchefa Biochemie B.V., The Netherlands). Hpa hyphae inside the GUS-stained 
seedlings were visualized with trypan blue staining [119].

Detection of CNGPs with western blotting
The detection of complex N-glycosylated proteins was performed by western blotting on 
nitrocellulose membranes (RPN303D, Amersham Hybond-ECL, GE Healthcare, UK) with 
rabbit anti-horse-radish peroxidase (HRP) antibody as a primary antibody (P7899, Sigma-
Aldrich, MO, USA or 323-005-021, Jackson ImmunoResearch Laboratories, PA, USA) in 
1:2000 dilution and anti-rabbit HRP-linked IgG (#7074, Cell Signaling Technology, MA, USA) 
as a secondary antibody in 1:10000 dilution. Detection of the HRP activity was done with the 
SuperSignal® West Pico Chemiluminescent substrate (#34087, Thermo Fisher Scientific, MA, 
USA).

Collection of plant material and isolation of CNGPs by immunoprecipitation
Cotyledons of seedlings from four different genotype-treatment combinations (cgl1-1 infected, 
cgl1-1 mock treated, cgl1-1 with pDMR6:GnT1 infected and cgl1-1 with pDMR6:GnT1 mock 
treated) were collected at 5 days after Hpa Waco9 or mock inoculation, and immediately frozen in 
liquid nitrogen. Each sample contained around 400 mg of cotyledons. Samples were collected 
in five independent experiments each considered as a biological replicate. The property of 
the anti-HRP antibodies to react with plant CNGPs was utilized to isolate the proteins by 
immunoprecipitation (IP). IP was performed with the Pierce® Crosslink Immunoprecipitation kit 
(Thermo Fisher Scientific, MA, USA). Briefly, the IP procedure includes binding of antibodies 
to agarose beads, cross-linking of bound antibodies to the beads, incubation of the beads with 
total extract of cotyledons, and elution of bound proteins. The default kit protocol was modified 
to obtain higher IP yields. The detailed optimized protocol can be found in SI Note 1. Eluates 
of the first four IPs for each sample were combined. Isolated proteins were precipitated before 
the tryptic digestion using RCI and II reagents from RC DCTM protein assay with co-precipitants 
(500-0122, Bio-Rad, CA, USA).

Liquid chromatography – mass spectrometry (LC-MS)
Sample preparation, including tryptic digests, orthogonal LC, MS/MS and MSE, alignment 
of chromatograms, peak detection and selection were performed essentially as described 
previously [279]. To match peptide quantitation and identification results from both MS/MS and 
MSE analyses, a recently developed bioinformatics pipeline (America A. et al., in preparation) 
was deployed.

Filtering criteria for the selection of candidate CNGPs
Peptides uniquely matching a single Arabidopsis protein were used in the selection procedure. 
Abundance of each protein in samples was calculated as the mean normalized abundance 
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of all peptides uniquely matching to the protein. All missing values and null abundances were 
substituted with a low random value between 1 and 10. Statistical analysis was performed 
on the log2-transformed protein abundance values. The protein was included in the list of 
candidate CNGPs if its abundance was significantly higher in the pDMR6:GnTI infected 
samples compared to other samples (one-tail t-test assuming non-equal variance, false 
discovery rate <5%) [191].

Gene ontology (GO) terms enrichment analysis
GO terms counts for the set of candidate CNGPs and the entire Arabidopsis genome (TAIR10) 
were obtained from the TAIR database [197]. Then, significance of enrichment was assessed 
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Figure 1. N-glycotagging approach to identify disease-related complex N-glycoproteins of 
Arabidopsis. (a) Maturation of high-mannose N-glycans into complex N-glycans is initiated 
by the N-acetylglucosamine transferase I (GnTI). The Arabidopsis mutant complex glycan 
less 1-1 (cgl1-1) with a mutated GnTI gene is impaired in complex N-glycosylation. (b) The 
DOWNY MILDEW RESISTANT 6 promoter is activated in Arabidopsis cells containing 
haustoria of Hpa but not in the neighboring cells. (c) The wild type CGL1/GnTI gene was 
fused to the DMR6 promoter sequence, and the construct was transformed into the cgl1-
1 mutant background. Infection with Hpa is expected to restore complex N-glycosylation 
specifically in Arabidopsis cells containing Hpa haustoria.
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with the Fisher’s exact test following Bonferroni correction for multiple testing.

Identification of consensus N-glycosylation sites and predicted signal peptides
Consensus N-glycosylation sites (including subsequence NPS/T) and signal peptides were 
identified with the servers NetNGlyc1.0 [280] and SignalP4.1 [243, 281].

Cluster analysis of expression profiles for genes encoding potential CNGPs
Microarray-based gene expression data for Arabidopsis were derived from Genevestigator 
[243]. Genes were clustered based on the hierarchical clustering procedure (Pearson 
correlation coefficient, average linkage) and heat plots were generated with the MeV software 
[282] using the log2 transformed gene expression values of infected Arabidopsis tissues 
relative to mock treatment.

Results
N-glycotagging approach to identify disease-related proteins of Arabidopsis
A cell-specific N-glycotagging approach was designed to identify Arabidopsis proteins present 
in cells infected with downy mildew. The procedure is based on the restoration of complex 
N-glycosylation specifically in host cells containing Hpa haustoria but not in neighboring 
cells (Figure 1). For this, we deployed a promoter of the disease-related gene DMR6 that is 
activated in Hpa-infected cells but not in the adjacent host cells [119]. By fusing the DMR6 
promoter to the coding sequence of GnTI and transforming this construct into the cgl1-1 
mutant, which is impaired in CNGPs biosynthesis [270], complex N-glycosylation would be 
specifically restored in downy mildew-infected cells.

Complex glycosylation induced in downy mildew-infected Arabidopsis cells
To check whether expression of DMR6 is specific to downy mildew-infected cells in the cgl1-
1 mutant, we transformed the mutant with a pDMR6:GUS construct and checked the spatial 
pattern of DMR6 promoter activity in downy mildew-infected and mock-treated seedlings 
by β-glucuronidase (GUS) staining (SI Figure 1). GUS activity was observed in host cells 
containing Hpa haustoria but not in the adjacent cells in both true leaves and cotyledons 
(SI Figure 1 a and b) demonstrating that the 2.4 kb DMR6 promoter present in the T-DNA 
construct is activated in the Hpa-infected cells of the Col-0 cgl1-1 mutant, similar to what has 
been previously observed in Arabidopsis Ler eds1-2 plants [119]. Cotyledons of mock-treated 
seedlings did not show visible GUS activity, however, young true leaves and stem apexes 
of mock-treated plants showed GUS activity indicating that the DMR6 promoter is active in 
these tissues (SI Figure 1 c). These observations made us decide to use cotyledons for the 
proposed N-glycotagging approach due to the low background level of the DMR6 promoter in 
mock-treated plants.
Next, we checked whether activation of the DMR6 promoter also leads to accumulation of 
CNGPs in the cgl1-1 seedlings carrying the pDMR6:GnTI construct that contains the identical 
promoter fragment as used in pDMR6:GUS. Presence of CNGPs in total extracts of the wild 
type Col-0, the cgl1-1 mutant and the pDMR6:GnTI plants (cgl1-1 background) was examined 
by western blot analysis with anti-HRP antibodies reacting to complex N-glycans (Figure 
2). As expected, mock-treated seedlings of the cgl1-1 mutant showed no detectable signal, 
indicating that no CNGPs are present. Also, proteins of cgl1-1 seedlings infected with Hpa 
did not react with anti-HRP antibodies clearly showing that the downy mildew pathogen does 
not produce CNGPs with the core β1,3 fucose and β1,2 xylose groups. It also implies that all 
changes in the complex N-glycoproteome, detected by the anti-HRP antibodies, are those 
of the Arabidopsis host. Proteins from wild type Col-0 plants reacted strongly with anti-HRP 
antibodies demonstrating the feasibility of IP-based enrichment of CNGPs. We detected anti-
HRP signals in extracts from whole aboveground parts of mock-treated seedlings with the 
pDMR6:GnTI construct (T3 line #16-4), but only very weak signal in extracts of cotyledons. 
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This is consistent with our observation that cotyledons of the pDMR6:GUS line have a very 
low background DMR6 promoter activity compared to true leaves and stem apexes. Infected 
cotyledons did show a clear accumulation of CNGPs including prominent bands in the 28-
36 kDa range. These bands were also detected in extracts of whole aboveground parts of 
infected Col-0 seedlings suggesting that the use of cotyledons for N-glycotagging did not 
introduce substantial bias toward cotyledon-specific proteins. Therefore, cotyledons of Hpa-
infected pDMR6:GnTI seedlings were used for the isolation of CNGPs to identify disease-
related proteins.

MS-based identification of 18 candidate CNGPs from downy mildew-infected cells
For N-glycotagging of Arabidopsis proteins expressed in cells containing Hpa haustoria, 

Figure 2. Western blot analysis of complex N-glycosylated proteins (CNGPs) in the wild 
type Arabidopsis Col-0, complex glycan less 1-1 (cgl1-1) mutant, and the glycotagging line 
pDMR6:GnTI (cgl1-1 background) #16-4. Complex N-glycans can be detected on western 
blots with anti-HRP antibodies. Proteins from the whole aboveground part (labeled as ‘s’) 
of Col-0 mock-treated seedlings give a strong signal corresponding to complex N-glycans 
attached to the proteins. In contrast, whole aboveground parts of the cgl1-1 mutant with or 
without Hyaloperonospora arabidopsidis (Hpa) infection do not have detectable levels of 
CNGPs demonstrated by the absence of anti-HRP signal. Infection of Col-0 seedlings with 
Hpa changed the CNGP profile in the entire aboveground part, in particular the accumulation 
of two apparent CNGP bands in the 28-36 kDa range. In the mock-treated pDMR6:GnTI 
seedlings, very weak signal was detected in extracts from cotyledons (denoted as ‘c’), in 
contrast to that of the whole aboveground part with stronger anti-HRP signal. Following Hpa 
infection, protein bands reacting with anti-HRP antibodies were found in both cotyledons and 
whole aboveground part including the bands in the range 28-36 kDa.
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we inoculated eleven-day-old seedlings of the cgl1-1 transgenic line #16-4, containing the 
pDMR6:GnTI construct, and the untransformed cgl1-1 mutant with Hpa spores or water as a 
mock-treatment (SI Figure 2 a). Isolation of CNGPs in plants is not trivial; so far, no methods 
were reported to efficiently and specifically isolate such proteins. Since Arabidopsis CNGPs 
can be efficiently detected with anti-HRP antibodies (Figure 2), we used these antibodies 
to immunoprecipitate CNGPs. Details of the optimized IP protocol are described in the 
Material and methods section and SI Note 1. Briefly, anti-HRP antibodies were covalently 
bound to agarose beads, and used for several consecutive rounds of IP with total extracts 
from cotyledons of the mock- and Hpa-treated cgl1-1 and pDMR6:GnTI seedlings (the 
unbound fraction after one IP was used as input for the next round of IP with the same beads 
reconstituted after elution). Eluates containing CNGPs from four IP rounds for each sample 
were combined for subsequent analysis (SI Figure 2 b).
Following IP, proteins were precipitated from the eluates, digested with trypsin and subjected 
to two-dimensional (2D) LC-MS analysis in MSE and DDA modes (SI Figure 2 c). Combining 
these two modes allows label-free relative quantitation and sequencing of the detected peptides 
[268]. 2D-fractionation of peptides, by reversed-phase separation using discontinuous and 
continuous acetonitrile gradients at high (dimension 1) and low pH (dimension 2), reduces 
the complexity of the peptide mixture and thus enables a better detection of low-abundant 
peptides by MS. After the second separation, peptides eluting from the column were online 
injected into the Synapt Q-TOF MS for MSE runs (Waters Corporation, MA, USA). Based 
on the analysis of the MSE data, we prepared an include list with 15424 peaks showing 
significantly different volume (peak area) in at least one of the samples (ANOVA, p<0.05). 
Peptides corresponding to the peaks of the include list were subjected to the MS/MS analysis 
on the Orbitrap XL (Thermo Scientific, MA, USA) to determine the amino acid sequences 
of individual peptides. Finally, results of DDA and MSE procedures were matched using a 
recently developed bioinformatics pipeline implemented on the Galaxy server (America A. et 
al., in preparation) (SI Figure 2 d). Of all peaks from the include list, identification results of 
MS/MS and MSE, and quantitation results from MSE were matched for a total of 5903 peaks. 
Average normalized abundances of all matched peptides were similar across all samples (SI 
Figure 3 a) suggesting that equal amounts of proteins were isolated by IP from the different 
samples. This was rather unexpected as the IP was specifically aimed at isolating CNGPs that 
are clearly induced in Hpa-infected pDMR6:GnTI samples (Figure 2). Also, the ratios of the 
intensity of matched peaks of Hpa-infected compared to mock-treated cotyledons between 
cgl1-1 and pDMR6:GnTI samples showed a low but significant correlation (r2=0.12, p<<0.001, 
SI Figure 3 b). Principal component analysis (PCA) of the normalized peak intensities (SI 
Figure 3 c) showed that the largest difference in the four samples was between mock-treated 
and infected samples suggesting that Hpa treatment had a stronger effect than genotype. 
Importantly, adding PC3 to the analysis, as shown in the biplot for the principle components 
PC2 and PC3 (SI Figure 3 d), resulted in a clear separation between all four groups of 
samples demonstrating that there is specific enrichment observed of peptides in eluates of 
pDMR6:GnTI cotyledons infected with Hpa. These peptides are expected to correspond to 
candidate CNGPs, therefore we focused our further analysis on those peptides.
To select candidate disease-related CNGPs in our dataset, we first determined the relative 
abundance of all detected proteins by calculating the average normalized abundance of all 
peptides uniquely matching to given Arabidopsis proteins. Since CNGPs are enriched in the 
pDMR6:GnTI cotyledons infected with Hpa (Figure 2), candidate CNGPs were selected to 
have higher relative abundance in samples from pDMR6:GnTI cotyledons infected with Hpa 
compared to the other three samples: pDMR6:GnTI mock, cgl1-1 mock, and cgl1-1 downy 
mildew-inoculated (t-test, FDR<0.05). Based on this criterion, we identified 18 candidate 
CNGPs (Table 1, SI Note 2). On average, each of the 18 identified Arabidopsis proteins was 
supported by 4.6 unique peptides and had a mean coverage of 12.1%. All identified proteins 
appeared to contain at least one consensus N-glycosylation site NxS/T further indicating 
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that these proteins could indeed be N-glycosylated. Complex N-glycosylation implies that 
the proteins carry signal peptides or signal anchors that target them to the ER and Golgi 
complex. Consistently, we found that 16 out of candidate CNGPs have a predicted N-terminal 
signal peptide (Table 1). Enrichment analysis of gene ontology (GO) terms also pointed 
to an overrepresentation of proteins associated with the cell component GO categories 
“extracellular” and “cell wall” (SI Table 1, Fisher’s exact test, Bonferroni corrected p<0.05) 
suggesting that the set of candidate CNGPs is indeed enriched for secreted proteins.
Furthermore, the list of 18 identified proteins was enriched for the GO category “response to 
abiotic and biotic stimulus” (SI Table 1, Fisher’s exact test, Bonferroni corrected p=0.017). 
Fourteen genes encoding the candidate CNGPs were transcriptionally induced after 
Arabidopsis infection with compatible and incompatible Hpa isolates, the bacterial pathogen 
Pseudomonas syringae pv. tomato DC3000 or after treatment with fungal, oomycete and 
bacterial elicitors (SI Figure 4, SI Table 3). At the same time, three genes, At1g01980 (FAD-
binding Berberine family protein), At4g28940 (phosphorylase) and At5g49760 (kinase-
like protein), were not induced in these analyzed microarray experiments suggesting the 
differential abundance of the corresponding proteins is regulated post-transcriptionally. Thus, 
the 18 identified proteins are associated with Arabidopsis responses to infection and disease.

Table 1. Identified candidate complex N-glycosylated proteins

A
ra

bi
do

ps
is

 p
ro

te
in

 a
c-

ce
ss

io
n

N
um

be
r 

of
 

su
pp

or
itn

g 
pe

pt
id

es

P
ro

te
in

 c
ov

er
ag

e,
 %

N
um

be
r 

of
 

po
te

nt
ia

l 
N

-g
ly

co
sy

la
tio

n 
si

te
s1

P
re

di
ct

ed
 s

ig
na

l p
ep

tid
e 

(Y
-s

co
re

) 2

G
en

e 
de

sc
rip

tio
n

B
on

fe
rr

on
i 

co
rr

ec
te

d 
t-t

es
t p

-v
al

ue
3

M
ea

n 
no

rm
al

iz
ed

 a
bu

n-
da

nc
e 

in
 

pD
M

R
6:

G
nT

I 
in

fe
ct

ed
 c

ot
yl

ed
on

s

AT1G01980.1 1 3.7 7 YES (0.85) FA D - b i n d i n g 
Berberine fami-
ly protein

<0.001

712.37

AT1G02360.1 4 12.9 3 YES (0.81) Chitinase family 
protein

<0.001
454.46

AT1G09560.1 3 10.0 1 YES (0.84) PDGLP1 | ger-
min-like protein 
5

<0.01

110.52

AT1G26380.1 9 14.2 10 YES (0.79) FA D - b i n d i n g 
Berberine fami-
ly protein

0.02

198.18

AT1G32940.1 11 18.5 12 YES (0.87) ATSBT3.5 | 
Subtilase family 
protein

<0.0001

122.29

AT1G32960.1 8 12.6 9 YES (0.81) ATSBT3.3 | 
Subtilase family 
protein

<0.01

165.58

AT1G51800.1 1 1.2 19 YES (0.82) L e u c i n e - r i c h 
repeat protein 
kinase family 
protein

<0.0001

164.33
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AT1G61360.1 1 1.0 16 YES (0.83) S-locus lectin 
protein kinase 
family protein

<0.0001

204.37

AT2G19190.1 1 1.4 12 YES (0.71) FRK1 | 
FLG22-induced 
receptor-like ki-
nase 1

<0.0001

162.36

AT2G38255.1 1 5.1 4 NO (0.10) Protein of Un-
known Function

<0.0001
125.00

AT3G22060.1 12 27.0 1 YES (0.68) Receptor- l ike 
protein ki-
nase - re la ted 
family protein

0.04

511.64

AT3G54420.1 1 4.4 4 YES (0.81) ATCHITIV | ho-
molog of carrot 
EP3-3 chitinase

<0.001

183.05

AT4G28940.1 4 18.4 3 YES (0.57) Phosphorylase 
s u p e r f a m i l y 
protein

<0.0001

86.85

AT5G03610.1 6 15.9 3 YES (0.69) Acylhydrolase 
s u p e r f a m i l y 
protein

0.01

324.62

AT5G06320.1 4 15.6 4 NO (0.11) NHL3 | NDR1/
HIN1-like 3

<0.0001
279.49

AT5G18470.1 7 18.2 9 YES (0.87) Curcu l in - l i ke 
(mannose-bind-
ing) lectin fami-
ly protein

<0.0001

49.71

AT5G39580.1 8 36.4 2 YES (0.87) Peroxidase su-
perfamily pro-
tein

<0.01

251.79

AT5G49760.1 1 0.9 17 YES (0.89) L e u c i n e - r i c h 
repeat protein 
kinase family 
protein

<0.0001

321.38
1 – number of NxS/T subsequences where x is any amino acid except for P
2 – predicted with the SignalP4.1 server using default settings
3 – one-tailed t-test for the difference in mean protein abundance in the pDMR6::GnTI infected cotyledons 
and in cgl1-1 mock treated, cgl1-1 infected, pDMR6::GnTI mock inoculated cotyledons treated as one 
group.

The plasmodesmata germin-like protein 1 mutant is recuced susceptible to Hpa
N-glycotagging identified 18 candidate CNGPs associated with downy mildew infection 
in Arabidopsis. To gain insight into the function of these proteins during the host-Hpa 
interaction, we tested whether the level of susceptibility of mutants corresponding to these 
genes encoding the candidate CNGPs is altered compared to the wild type. The IMPAIRED 
IN OOMYCETE SUSCEPTIBILITY 1 (IOS1) gene encoding one of the candidate CNGPs 
was previously described to be downy mildew-induced, and the ios1-1 mutant had reduced 
susceptibility to the compatible Hpa isolate Wela [112]. We checked the level of susceptibility 
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for 22 T-DNA insertion lines to Hpa (SI Table 2). The majority of the tested mutants did 
not show altered sporulation levels compared to wild type plants upon infection with the 
compatible Hpa isolate Waco9 (Figure 3a, Bonferroni test p>0.05) except for a few mutants. 
The mutant SAIL_400_F09 for SUBTILASE3.5 (ATSBT3.5), which encodes unknown 
subtilase family protein, demonstrated slightly increased sporulation of Waco9 (Figure 3a, 
p=0.001) suggesting that ATSBT3.5 positively contributes to Arabidopsis immunity to downy 
mildew. A mutant for the PLASMODESMATA GERMIN-LIKE PROTEIN 1 (PDGLP1), pdglp1, 
was slightly less susceptible to Hpa Waco9 than the wild type Col-0 (Figure 3b, Tukey HSD 
p<0.05). Notably, the mutant of the PDGLP1 paralog, pdglp2, was also less susceptible 
to Waco9. Unexpectedly, level of sporulation of the double pdglp1 pdglp2 mutant was not 
different from that of single mutants (p>0.05). These results show that the mutations do not 
affect Arabidopsis susceptibility additively suggesting that PDGLP1 and PDGLP2 do not have 
redundant roles in the Arabidopsis-Hpa interaction. Thus, in addition to the previously reported 
reduced susceptible mutant ios1-1, the mutants analysis indicates that two Arabidopsis 
genes, ATSBT3.5 and PDGLP1, encoding candidate CNGPs, affect Arabidopsis interaction 
with downy mildew.

Discussion
An N-glycotagging approach was developed to identify host disease-related CNGPs in 
Arabidopsis cells containing haustoria of the downy mildew pathogen Hpa. Identification of 
proteins in these particular cells can aid in understanding the molecular processes occurring 
in the host plant during downy mildew infection. To our knowledge, there are no reports about 
targeted identification of host proteins present in cells in immediate contact with pathogenic 
fungi or oomycetes. The N-glycotagging approach described here is based on the restoration 
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Figure 3. Sporulation of Hpa Waco9 on Arabidopsis mutants corresponding to genes 
encoding candidate complex N-glycoproteins. (a) The majority of mutant lines have 
similar levels of susceptibility to Waco9, reflected by a spore count, as the wild type Col-0, 
however the mutant line SAIL_400_F09 (for the ATSBT3.5 gene) has significantly increased 
sporulation compared to the wild type at 7 days post inoculation (dpi) (p=0.001). The 
experiment was performed three times with two replicates each. A Bonferroni post-hoc test 
was performed on means of the three experiments (n=3). Error bars represent ±SD. Letters 
above bars label groups of the homogenous sets of genotypes (α=0.05). (b) The single 
pdglp1, pdglp2 and double pdglp1 pdglp2 mutants show slightly reduced spore counts of the 
Hpa isolate Waco9 at 6 dpi compared to the wild type Col-0 (p<0.05). The experiment was 
performed three times and combined results of three experiments were analyzed with mixed 
ANOVA followed by the Tukey HSD test. Letters indicate homogenous subsets of genotypes 
(α=0.05). Error bars represent ±SEM.
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of complex N-glycosylation in specific cell types of the Arabidopsis cgl1-1 mutant by expressing 
the GnTI gene under a pathogen-responsive promoter [283]. For this we used the promoter of 
the DMR6 gene that is expressed specifically in Arabidopsis cells invaded by Hpa haustoria 
but not in neighboring host cells. Activation of the DMR6 promoter after infection would induce 
complex N-glycosylation mediated by the GnTI enzyme in the infected cells. Although the 
procedure seems straightforward, identification of proteins tagged with complex N-glycans in 
specific cell types is problematic due to difficulties in efficient isolation of CNGPs.
To isolate CNGPs, we considered using plant L-lectins for affinity purification, however, to 
our knowledge, there are no lectins with established specificity to plant CNGPs. Wheat germ 
agglutinin, which is frequently used for the isolation of glycosylated proteins, is not suitable for 
plant complex N-glycans since its binding is inhibited by the core β1,3 fucose group [284]. A 
chemical, hydrazide-based, approach to enrich samples for peptides from CNGPs is also based 
on affinity purification. First, glycopeptides are oxidized and subsequently bound to hydrazide 
beads. Then bound glycopeptides are released by treatment with peptide-N-glycosidases 
(PNGases) F and A [285]. PNGase F treatment releases peptides bound to high-mannose 
N-glycans, and PNGase A works on both high-mannose and complex N-glycopeptides [286]. 
Unfortunately, PNGase A treatment is not efficient in glycopeptide extracts of Arabidopsis so 
that the amount of peptides released from hydrazide beads is rather low, non-quantitative 
and not sensitive enough [283]. In this work, we used an IP-based method to isolate CNGPs. 
Anti-HRP antibodies, which react to the core β1,3 fucose and β1,2 xylose specifically present 
on plant CNGPs, were covalently bound to the agarose beads, and then several consecutive 
IPs were performed on the same material to maximize CNGPs recovery and enrichment. 
Despite all attempts, we could not immunoprecipitate all detectable CNGPs from wild type 
Col-0 seedlings. However, the IP procedure with four consecutive incubations was efficient in 
isolation of all detectable CNGPs from the mix of wild type and cgl1-1 total extracts in the ratio 
1:10 and 1:100 (data not shown). Therefore, IP of CNGPs with anti-HRP antibodies is suitable 
for experiments with tissue-specific profiling since one expects cell-specific tagging only in 
the a small fraction of cells infected with Hpa. The identified candidate CNGPs have at least 
one consensus N-glycosylation site NxS/T and the majority of them have an N-terminal signal 
peptide further supporting that these proteins can be complex N-glycosylated. Three proteins, 
RLK At3g22060, RLK At5g49760 and NHL3, were also found to be complex N-glycosylated in 
an independent analysis with the hydrazide-based affinity purification (Wei S. et al., in press). 
Thus, our IP-based procedure for CNGPs enrichment is suitable for the N-glycotagging.
Infection of wild type Arabidopsis Col-0 seedlings with Hpa led to the appearance of two 
prominent CNGPs bands in the 28-36 kDa range. Several of the 18 identified candidate 
CNGPs have a predicted size lower than 36 kDa (including signal peptide): two chitinases 
At1g02360 and At3g54420, PDGLP1, RLK At3g22060, NHL3 and the peroxidase-like protein 
At5g39580. The chitinase At1g02360 and RLK At3g22060 appear as most abundant in the MS 
analysis suggesting that these proteins match to the prominent 28-36 kDa proteins induced by 
Hpa infection and detected on western blot.
Previous proteomics studies of interactions between plants and pathogenic microbes focused 
on the identification of either pathogen proteins or host proteins in whole infected organs. 
Results of these investigations showed that pathogen attack causes significant changes in the 
plant proteome and physiology: accumulation of pathogenesis-related proteins, increase in 
the abundance of proteins related to secondary metabolism (e.g. phenylpropanoid pathway), 
antioxidant enzymes and posttranslational protein modifications (e.g. phosphorylation) 
[287]. We aimed to identify disease-related proteins of Arabidopsis present in downy 
mildew-infected cells using N-glycotagging. GO term enrichment analysis showed a clear 
association of the identified set of CNGPs with “response to biotic and abiotic stimuli” (SI 
Table 3) indicating that these proteins are disease-related. Also, genes coding for fourteen 
of the eighteen candidate CNGPs identified with our N-glycotagging approach appeared to 
be transcriptionally induced at least two fold after infection with compatible or incompatible 
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bacterial, fungal or oomycete pathogens (SI Figure 4) further supporting that the identified 
proteins are disease-related. Genes encoding some of the candidate CNGPs were previously 
found in analyses of Arabidopsis responses to pathogens and microbe-associated molecular 
patterns (MAMPs) or constitutive activation of defense including the marker gene to study 
early defense signaling in Arabidopsis FLAGELLIN INDUCED RECEPTOR-LIKE KINASE 
1 [288], the S-locus lectin protein kinase gene At1g61360 [289] and ATSBT3.3 encoding a 
subtilase family protein [290]. Also, transcription of the chitinase encoding gene At1g02360 
was found to be significantly induced after infection with the downy mildew Hpa [112]. Finally, 
some of the identified candidate CNGPs were previously implicated in Arabidopsis responses 
to infection, e.g. NHL3, a homolog of the well-known regulator of Arabidopsis plant immunity 
NDR1, that is suggested to play a positive role in Arabidopsis immunity. NHL3 mRNA levels 
are strongly increased after infection with avirulent Pst DC3000 and its overexpression leads 
to elevated resistance of Arabidopsis to virulent Pst [291, 292]. Another candidate CNGP, the 
predicted malectin-like receptor like kinase IOS1, is also involved in Arabidopsis susceptibility 
to Hpa since the IOS1 gene is transcriptionally induced specifically in Arabidopsis cells that 
are in immediate contact with Hpa hyphae, and the ios1-1 mutant has a lower susceptibility to 
Hpa compared to the wild type [112]. This provides a proof-of-principle that our N-glycotagging 
approach can reveal disease-related proteins in Hpa-infected cells.
To reveal a role for CNGP genes other than IOS1 in Arabidopsis susceptibility to downy 
mildew, we tested whether Col-0 mutants with T-DNA insertions in genes encoding the 
identified candidate CNGPs show altered sporulation levels after infection with the compatible 
Hpa isolate Waco9. The sbt3.5 mutant was more susceptible to infection compared to the 
wild type Col-0 indicating a positive role of SBT3.5 protein in Arabidopsis immunity to Hpa. 
Subtilases are serine proteases, however the exact function of SBT3.5 is unknown. Also, 
the pdglp1 mutant was slightly more resistant to the compatible Hpa isolate than the wild 
type Col-0. To check for redundancy the pdglp2 and pdglp1_pdglp2 mutants were tested and 
showed reduced susceptibility similar to that of the pdglp1 mutant. This suggests that the 
two proteins act non-additive and possibly are active in the same pathway. Overexpression 
of PDGLP1 and PDGLP2 changes Arabidopsis root architecture, i.e. increased lateral root 
formation and shortened main roots of seedlings, possibly as a result of altering nutrient 
translocation through plasmodesmata. However, the single and double mutants do not show 
visible changes in root architecture. Role of the PDGLP genes in Arabidopsis susceptibility 
to diseases has not been reported so far [293]. It is tempting to speculate that the mutations 
change cell-to-cell communication in the mesophyll of leaves infected with downy mildew that 
results in reduced susceptibility to Hpa. Potentially, the plasmodesmata localized PDGLP1 
and PDGLP2 proteins [293] mediate translocation of nutrient to the infection site or Hpa 
effectors into cells adjacent to the cells with haustoria. The identified CNGP genes that are 
involved in the infection process will be further studies to reveal the mechanisms by which 
they contribute to disease.
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Supporting information

SI Table 1. Primers used in this study

Primer name 5’-3’sequence

FattB4-pDMR6 GGGGACAACTTTGTATAGAAAAGTTGCAgccccgtattttggatagaa

RattB1-pDMR6 GGGGACTGCTTTTTTGTACAAACTTGAttgatgtcagaaaattgaagaagaa

SAIL_178_H03_LP TCCTTGCAGATAAGGCTAGGG

SAIL_178_H03_RP TCGGACATATCGACGGTAATG

SALK_081943_LP ACGCCATTGATGATCAACTTC

SALK_081943_RP GGTCCAATTCAACTATCGTGG

SALK_116178_LP GTTCCACCTGGCTTAGGATTC

SALK_116178_RP GGCTCAGATTTCACACGAGAC

GK-813E08_LP GCTAGTCCGGAGAATCCAATC

GK-813E08_RP CTCAGGTTACTCTCTGTGGCG

SAIL_400_F09_LP TTTAAATGGGCCTTAAATCCG

SAIL_400_F09_RP CCAAGTTCGAGTTGTAGCGAG

SALK_086092_LP TCACACACACCTTGTCTTTGC

SALK_086092_RP AAAACGCATGCGAACATTTAC

SALK_107460_LP CTTGGGGAGGAAGAAAAGATG

SALK_107460_RP GAGGACCTAACTCGATGTCCC

GABI_901G09_LP ATGAAGAACAATGCCACCAAG

GABI_901G09_RP CGTAGCCCAATCAATCTCAAG

SALK_085226_LP TCCCGTACATGAAACGAGTTC

SALK_085226_RP TAAACGTGTCCGGTCACCTAC

SALK_094606_LP AAGTCGCGTTAAAGTATCCCC

SALK_094606_RP TTTTACGCAAATGGTTGAAGG

SALK_067030_LP AAAGGGATAGTCTTGAAAGGGC

SALK_067030_LP TCATTCCCACATCTTTAAGCG

SALK_069160_LP TCCTTGAAAACTCTTGTAAACCC

SALK_069160_RP GAGGACTAATTCCATCCGGAG

SALK_151902_LP TTTACCGTCGCAACAGTTAGG

SALK_151902_RP TTAAAACGCATCGTTTGGTTC

SALK_123280_LP CAAAATGTTGACTCCCACCA

SALK_123280_RP CACACTCCAAAGCACCGTTA

SALK_136557_LP TGATGCATACATGCATGTTCTC

SALK_136557_RP GACAACCACTTCTCGTCAAGG

SALK_008892_LP TAAAAGTCTTCTTGCAACCGC

SALK_008892_RP TTGACAAACAAATAGTACAAATTCCAG

SALK_019318_LP TTCGTCAAGATTCCACTGGAC

SALK_019318_RP TTTCCATTTTCCACACCAGTC
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SALK_034283_LP TCCATTGTTCGTCAAGATTCC

SALK_034283_RP TTTCCATTTTCCACACCAGTC

SALK_151762_LP TCGGCAATCTTTGTATTCGAC

SALK_151762_RP TGCACTGCATGGTTTATTGTC

SALK_118908_LP TCGATTGGATTGGACAAGAAG

SALK_118908_RP GATGTGTTAGGTTGCAAACCC

SALK_077544_LP GCTCGTGATCGTGAGAAACTC

SALK_077544_RP TCGAAAAACTCCGAGTGATTG

LBb1.3 ATTTTGCCGATTTCGGAAC

SAIL LB2 GCTTCCTATTATATCTTCCCAAATTACCAATACA

pAC161 o8409 ATATTGACCATCATACTCATTGC

SI Table 2. T-DNA insertion mutants used in this study

Arabidopsis gene model T-DNA line (location of the insertion)

AT1G01980 SAIL_178_H03 (exon)

AT1G02360 SALK_081943 (exon); SALK_116178 (exon)

AT1G09560 pdglp1 (exon)

AT1G26380 GK-813E08 (exon)

AT1G32940 SAIL_400_F09 (intron)

AT1G32960 SALK_086092 (exon); SALK_107460 (exon)

AT1G51800 ios1-1 (exon)

AT1G61360 GABI_901G09 (intron)

AT2G19190 SALK_085226 (exon)

AT2G38255 SALK_094606 (exon); SALK_067030 (exon); SALK_069160 (exon)

AT3G22060 SALK_151902 (intron)

AT3G54420 SALK_123280 (exon); SALK_136557 (3’-UTR)

AT4G28940 SALK_008892 (intron)

AT5G18470 SALK_019318 (5’-UTR); SALK_034283 (5’-UTR)

AT5G39580 SALK_151762 (exon)

AT5G49760 SALK_118908 (exon); SALK_077544 (exon)
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SI Table 3. Gene ontology categories enriched in the candidate CNGPs set (Fisher’s exact test p<0.05)

Gene ontology category Fisher’s test p-value, 

Bonferroni corrected
Biological process response to abiotic or biotic 

stimulus

0.017

Cellular component cell wall 0.000

extracellular 0.017

SI Table 4. Peptide sequences and their matched normalized abundances (.csv file in the enclosed CD)

SI Table 5. List of microarray studies used for the expression analysis of genes encoding candidate com-
plex N-glycosylated proteins

Text on the SI Figure 4 ID in GEO, NASC arrays or ArrayExpress databases

Botrytis cinerea GSE5684

Rhizoctonia solani AG2-1 isolate GSE26206

Phytophthora infestans 12 h GSE5616

Phytophthora parasitica 10.5 h GSE20226

Blumeria graminis GSE12856

Golovinomyces orontii, 96 h GSE5686

Golovinomyces cichoracearum GSE26679

Fusarium oxysporum GSE15236

Hpa compatible 8+24 hpi GSE21076

Hpa compatible 12 hpi GSE22274 

Hpa compatible 2 dpi

Hpa compatible 3 dpi GSE14946

Hpa compatible 4 dpi GSE22274

Hpa compatible 4+6 dpi GSE21076

Hpa compatible 6 dpi GSE22274 

Hpa incompatible 12 hpi GSE22274

Hpa incompatible 3 dpi GSE14946 

Hpa incompatible 4 dpi GSE22274

Hpa incompatible 6 dpi

Pst DC3000 avrRPM1, 24 h NASCArrays-120

Pst DC3000 2 hpi

Pst DC3000 24 hpi

Pst DC3000 hrpC- 2 hpi

Pst DC3000 hrpC- 24 hpi

Xanthomonas campestris GSE9674
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DFPM GSE28800

fumonisin B1 NASCARRAYS-77

elf26 1 hpi E-MEXP-547

flg22 4 hpi GSE5615

NPP1 4 hpi

lipopolysaccharides 4 hpi

lipopolysaccharides 3 hpi E-NASC-76

chitin GSE2538

ABA 3 hpi NASCArrays-176

ACC 3 hpi NASCArrays-172

BL 3 hpi NASCArrays-178

GA3 3 hppi NASCArrays-177

IAA 3 hpi NASCArrays-175

MeJA 3 hpi NASCArrays-174

zeatin 3 hpi NASCArrays-173

SA 4 hpi E-TABM-51

SA 28 hpi

SA 52 hpi

SA 6 hpi GSE34047

glycerol-3-phosphate GSE26973

anoxia GSE16222

cold stress NASCARRAYS-138

drought stress NASCARRAYS-141

hypoxia GSE9719

osmotic stress NASCARRAYS-139

oxidative stress NASCARRAYS-143

salt stress NASCARRAYS-140

wounding NASCArrays-145

SI Note 1. Detailed protocol for the immunoprecipitation of complex N-glycosylated proteins 
in Arabidopsis

Protocol for immunoprecipitation (IP) of complex N-glycosylated proteins from total plant ex-
tract
(based on the protocol from the Pierce® Crosslink Immunoprecipitation kit (Thermo Fisher 
Scientific, Waltham, MA, USA))

For the IP of complex N-glycosylated proteins from around 400 mg of Arabidopsis cotyledons, 
we have used 800 µl of extraction buffer, 100 µl of control beads slurry, 40 µl of antibody beads 
slurry, 100 µg of unconjugated rabbit α-horseradish peroxidase (HRP) antibodies (323-005-
021, Jackson ImmunoResearch Laboratories, PA, USA).

Buffers:
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Coupling buffer/Washing buffer (provided with the kit)
NaCl 150 mM, Na phosphate (?) 10 mM pH7.2
Conditioning buffer (provided with the kit)
neutral pH
Elution buffer (provided with the kit)
pH2.8; contains primary amine
TBS/Washing buffer (provided with the kit)
Tris-HCl 25 mM, NaCl 150 mM, pH7.2
Extraction buffer (not provided)
Tris-HCl 50 mM pH7.5, NaCl 150 mM, EDTA 5 mM, Triton X-100 1%, Brij-58 1%, Glycerol 5%, 
plant protease inhibitor cocktail (P9599, 1:100 dilution, Sigma-Aldrich, MO, USA)

Unless specified, all centrifugation steps are performed at +4ºC with the speed 1000xg. All 
buffers and solutions (except for those based on DMF/DMSO) are pre-cooled on ice.

I. Preparation of beads cross-linked with antibodies
1. prepare 1x coupling buffer, keep on ice
2. add 40 µl of slurry per IP in each column
3. wash beads with 400 µl of 1x coupling buffer in each column separately, 

centrifuge 1 min
4. prepare antibodies for coupling to the beads (SI Table 5)
5. combine the prepared antibody mix with all beads in one tube, incubate 

beads with antibodies at room temperature for 1.5 hours with continuous 
rotation

6. washing away unbound antibodies
i. load the incubated slurry in separate columns, centrifuge for 1 

min; retain flow-through to check antibody binding
ii. wash beads with 200 µl 1x coupling buffer in each column sepa-

rately, centrifuge for 1 min
iii. wash beads with 600 µl 1x coupling buffer in each column sepa-

rately, centrifuge for 1 min; repeat this step
7. crosslinking (protect from light)

i. combine all washed beads in one tube (use a part of coupling 
buffer and mQ from the mixture in SI Table 2)

ii. add 217 µl of DMF to one aliquot of DSS; dissolve by pipeting
iii. take 100 µl of the stock solution of DSS (25 mM), add 900 µl of 

DMF to prepare 2.5 mM solution; prepare mixture for crosslinking 
(SI Table 6) and mix it with beads

8. incubate at room temperature for 45 min with continuous rotation
9. washing after cross-linking

i. load the incubated slurry in separate columns, centrifuge for 1 
min, discard flow-through

ii. wash beads with 100 µl of elution buffer to each column, centri-
fuge for 1 min, retain flow-through to check crosslinking

iii. wash beads with 200 µl of elution buffer to each column, centri-
fuge for 1 min, discard flow-through; repeat this step

iv. wash beads with 400 µl of elution buffer to each column, centri-
fuge for 1 min, discard flow-through; repeat this step

v. storage in the extraction buffer (overnight) at +4˚C
II. Protein isolation and preparation of pre-cleared lysate

1. mix 400 mg of grinded cotyledons and 800 ul of extraction buffer; incubate 
45 min on ice; vortex every 5 min
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2. centrifuge to remove debris 1 min >12,000xg, pipet the cleared lysate into a 
new tube and repeat this step until the lysate is free of debris

3. prepare control beads
i. load 100 µl of the control beads slurry onto a column for washing
ii. centrifuge for 1 min, discard flow-through
iii. wash beads with 100 µl of 1x coupling buffer, centrifuge for 1 min, 

discard flow-through
4. load 700 µl of lysate onto the columns with the prepared control beads
5. incubate beads at +4˚C for 2.5 hours with continuous rotation
6. centrifuge for >12,000xg 5 min to remove the control beads, repeat this 

step; discard control beads
III. Immunoprecipitation itself

1. centrifuge the prepared crosslinked beads for 1 min after o/n storage, dis-
card the flow-through

2. wash the crosslinked beads with 400 µl of the extraction buffer, centrifuge 
for 1 min, discard the flow-through

3. load the pre-cleared lysate on the crosslinked beads
4. Incubate samples with the crosslinked beads at 4ºC with continuous ro-

tation; each sample was subjected to five IP rounds with the same cross-
linked beads, the first incubation was overnight, second – 3-4 hours, third 
– overnight, forth – 3-4 hours, and fifth – overnight

IV. Washing and elution of the immunoprecipitated proteins
1. Centrifuge columns with the incubated samples 1000xg 1 min, retain the 

flow-through for the next round of IP
2. Wash beads in 400 µl of 1xTBS, centrifuge 1000xg 1 min, discard flow-

through (in total four washes)
3. Incubate beads with 170 µl of the elution buffer for 15 min at 4ºC, , centri-

fuge 1000xg 1 min, collect samples in silanized tubes
4. reconstitute beads

i. wash with 200 µl of 1x coupling buffer, centrifuge 1000xg 1 min, 
discard the flow-through

ii. wash with 400 µl of extraction buffer, centrifuge 1000xg 1 min, 
discard the flow-through, repeat this step

5. go to step III.2

SI Table 5. Components of the coupling solution with anti-HRP antibodies

Component volume per IP, µl
anti-HRP 2,4 mg/ml 42
mQ 53
20x coupling buffer 5
total 100
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SI Table 6. Components of solution for crosslinking of anti-HRP to beads

Component volume per IP, µl
DSS 2.5 mM 18
mQ 77
20x coupling buffer 5
total 100

SI Note 2. Arabidopsis candidate complex N-glycosylated proteins identified in this study 
(available as a separate file on the enclosed CD)

SI Figure 1. β-glucuronidase (GUS) and trypan blue staining of Arabidopsis complex glycan 
less 1-1 (cgl1-1) seedlings carrying the pDMR6:GUS construct and infected with Hpa. In 
young true leaves (a) and cotyledons (b), GUS-activity tracked with Magenta GlcA substrate 
was found in host cells which are in direct contact with the Hpa hyphae (black arrows) and 
contain pathogen haustoria (green arrows) visible as dark-blue structures after trypan blue 
staining (scale bar 10 µm). (c) As a result of GUS-activity, magenta stain was observed in 
the apex and true leaves but not cotyledons of mock-treated pDMR6:GnTI seedlings. (d) 
After Hpa infection, intensive magenta staining indicative of the DMR6 promoter activity was 
detected in cotyledons, apex and true leaves.
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CGL1/GnTIpDMR6cgl1-1

mock downy mildew mock downy mildew

collect ~400 mg of cotyledons per replicate at 5 days post inoculation
5 biological replicates

Immunoprecipitation (IP) with α-HRP antibodies covalently bound to agarose beads
five subsequent rounds of IP; elutes of first four IP combined for LC-MS analysis

precipitation of eluted proteins with RCI and II (BioRad), tryptic digest,
cleaning on the C18 column

2D-LC-MS: separation into six fractions
identifications with DDA (MS/MS)

Peak identifications and abundance estimation with DIA (MSE)

Matching results from LC-MS with DDA and DIA

Selection of candidate CNGPs

(a)

(b)

(c)

(d)

(e)

SI Figure 2. High-level workflow of sample preparation and analysis during N-glycotagging 
of disease-related proteins of Arabidopsis.



108

−25 −15 −5 0

−5

10

15

PC 1

P
C

 2

cgl1-1 infected

pDMR6::GnTI infected

cgl1-1 mock
pDMR6::GnTI mock

−2 −1

−2

−1

0

1

2

3

log10{cgl1-1 infected/cgl1-1 mock}

1

52

102
Bin size

0 1 2 3lo
g 10

{G
nT

I i
nf

ec
te

d/
G

nT
I m

oc
k}

(a) (b)

cg
l1

-1
 m

oc
k

pD
M

R6
::G

nT
I m

oc
k

−2

lo
g 10

 {n
or

m
al

iz
ed

 a
bu

nd
an

ce
}

cg
l1

-1
 in

fe
ct

ed

pD
M

R6
::G

nT
I i

nf
ec

te
d

−1

0

1

2

3

4

0

5

(c)

−20 −10 0

PC 3

P
C

 2

cgl1-1 infected pDMR6::GnTI
infected

pDMR6::GnTI mockcgl1-1 mock

-5

10

15

0

5

-10

10 20

20
(d)

SI Figure 3. Overview of results from LC-MS/MS and MSE analysis. (a) Boxplot of log10-
transformed normalized abundances of 5903 peptides detected with LC-MS/MS and 
MSE analysis in cotyledons of complex glycan less 1-1 (cgl1-1) and pDMR6:GnTI (cgl1-1 
background) seedlings either treated with water (mock) or infected with Hyaloperonospora 
arabidopsidis (Hpa). (b) Log10-transformed changes of peptide intensities in cgl1-
1 cotyledons with or without Hpa infection relative to those in pDMR6:GnTI cotyledons. 
Hexagon binning algorithm was applied to group peptides located in close proximity on the 
biplot (size of bins is indicated in legend). Red dots show peptides matched to candidate 
complex N-glycosylated proteins (c, d) Biplot of results from principal component analysis 
of normalized abundance of identified 5903 peptides. Red arrows indicate loadings of each 
sample into the principal components (PCs). PC1 and PC2 separate samples into mock- 
and Hpa-treated, however, PC2 and PC3 could separate all four sample based on their 
genotype and treatment.
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SI Figure 4. Clustering of expression profiles of genes encoding the identified candidate 
complex N-glycosylated proteins under different biotic and abiotic stresses. Only data from 
the microarray experiments with wild type plants were considered except for interactions 
with Hyaloperonospora arabidopsidis (Hpa) where data for the rpp4 mutant was also used. 
Studies describing the microarray experiments are listed in the SI Table 5. Abbreviations: Pst 
DC3000 – Pseudomonas syringae pv. tomato DC3000, DFPM - [5-(3,4-dichlorophenyl)furan-
2-yl]-piperidine-1-ylmethanethione, NPP1 - NECROSIS-INDUCING PHYTOPHTHORA 
PROTEIN 1, ABA – abscisic acid, ACC - 1-aminocyclopropane-1-carboxylic acid, BL – 
brassinolide, GA3 - gibberellic acid, IAA – indole-3-acetic acid, MeJA – methyl jasmonate, 
SA – salicylic acid.
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Chapter 6: General discussion
Downy mildews cause destructive diseases in many crops, e.g. lettuce [115] and cucumber 
[116]. The model plant species Arabidopsis thaliana (Arabidopsis hereafter) is also susceptible 
to downy mildew caused by the oomycete pathogen Hyaloperonospora arabidopsidis (Hpa). 
This pathosystem is a model to study susceptibility of plants to downy mildews and other 
biotrophic pathogens [118]. Host processes affecting susceptibility of plants to biotrophic and 
hemibiotrophic pathogens can be broadly divided into immunity- and non-immunity related 
ones. In many cases, immunity is based on detection of microbe-associated molecular patterns 
(MAMPs) and effector proteins associated with pathogen growth that leads to the activation 
of plant defense responses [5, 120]. Non-immunity related mechanisms of resistance can 
be mediated by loss-of-susceptibility factors in a host plant. Susceptibility factors such 
as components of root exudates, waxes and cuticle can attract and stimulate pathogen 
development. Furthermore, susceptibility genes can facilitate the establishment of pathogen 
infection structures in plant cells and the provision of nutrients at the infection site [217]. The 
research described in this thesis was aimed at the identification of novel Arabidopsis genes 
and proteins affecting its susceptibility to downy mildew via immunity or non-immunity related 
pathways. For that, a multidisciplinary approach combining genetic and proteomic methods 
was undertaken.

Broad-spectrum and quantitative resistance of Arabidopsis C24 to downy mildew
Natural Arabidopsis accessions are typically susceptible to a number of Hpa isolates but 
resistant to others. In different natural accessions, resistance was mapped to 27 RPP loci (for 
RESISTANCE TO PERONOSPORA PARASITICA) on all five Arabidopsis chromosomes. The 
cloned loci, RPP1, RPP2, RPP5 (RPP4), RPP8 and RPP13 (RPP11), include genes conferring 
qualitative resistance to different Hpa isolates and encoding proteins with nucleotide-binding 
domain and leucine-rich repeats (NLR) [118, 138]. However, extensive phenotypic analysis of 
interactions between different Arabidopsis accessions and five downy mildew isolates revealed 
the prevalence of partial, or quantitative, resistance. Moreover, this analysis also showed that 
cotyledons of many Arabidopsis accessions, 4 to 12% depending on the Hpa isolate, are more 
susceptible than true leaves [136]. In addition, age-related resistance to Hpa  was found in 
Arabidopsis populations. For example, the accession Col-0 has age-related resistance, i.e. 
plants of this genotype are susceptible at the seedling stage but become fully resistant to 
Hpa isolate Emco5 at the adult stage (4-5 week-old). This resistance was mapped to a major 
locus on chromosome 5 and a minor locus on the chromosome 2 [294] demonstrating the 
presence of multigenetic developmental stage-related mechanisms of Arabidopsis resistance 
to Hpa. Thus, in addition to qualitative strong resistance, Arabidopsis accessions frequently 
have quantitative multigenic resistance modified by the plant age.
Most of the Arabidopsis accessions are susceptible to Hpa, e.g. around 88% of accessions 
(73 out of 83) were susceptible to at least one of the five tested Hpa isolates [136]. Notably, 
the accession C24 has broad-spectrum resistance (BSR) to downy mildew [139], for which the 
underlying genetics was unknown. To study BSR in more details, we performed quantitative 
trait loci (QTL) mapping and segregation analysis of C24 resistance to three isolates of 
Hpa. C24 resistance to these isolates appeared to be multigenic and mediated by different 
combinations of isolate-specific loci. Interestingly, all identified C24 loci contributing to 
resistance to Hpa isolate Waco9 were responsible only for partial reduction of the pathogen 
sporulation [94]. Partial quantitative Arabidopsis resistance to Hpa has not been studied as 
extensively as qualitative resistance and, therefore, we further focused our analysis on the 
quantitative resistance of C24 to Waco9. In general, histochemical analyses of interactions 
between biotrophic or hemibiotrophic pathogens and plants with quantitative resistance show 
that it frequently displays typical hallmarks of immune responses, e.g. elevated lignification 
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and increased accumulation of phenolic compounds at infection sites, extended patches of 
chlorosis and/or of cell death around infection sites, and accelerated senescence. However, 
this form of resistance can also be associated with reduced pathogen growth without signs 
of plant cell death in surrounding tissues: reduced penetration and entry rates, aborted 
haustorium formation, restricted intercellular growth of pathogens leading to prolonged 
latent period of infection [295-299]. Preliminary microscopic analysis of Col-0 introgression 
lines with two major C24 quantitative resistance loci qtl1.3 and qtl5.1, which affect Waco9 
sporulation, suggests that resistance controlled by qtl1.3 involves abundant Arabidopsis cell 
death occurring along Hpa hyphae that likely limits level of Waco9 sporulation. In contrast, 
qtl5.1 seems to mediate resistance to Waco9 by reducing intensity of hyphal growth and only 
partially elevating cell death around growing hyphae.
Many loci conferring partial resistance to pathogens have been identified and described in 
literature. They encode different classes of proteins: from transporters [300, 301], proteins with 
kinase domains [296, 302, 303], NLR proteins [304-306], germin-like proteins [307], enzymes 
involved in thiamine, auxin and jasmonate biosynthesis [303, 308] and transcription factor [303] 
to unknown proline-rich protein [309]. Given that cloned quantitative resistance genes encode 
different types of proteins, diverse and unrelated molecular mechanisms might regulate this 
form of resistance [161]. Thus, pathogens are less likely to overcome resistance mediated by 
quantitative loci and, therefore, pyramiding quantitative resistance loci might be powerful and 
lead to more durable forms of disease resistance. So far, results of ongoing fine-mapping of 
the two major partial resistance loci qtl1.3 and qtl5.1 in Arabidopsis C24 point to loci including 
NLR genes. In addition to the major loci qtl1.3 and qtl5.1, quantitative C24 resistance to Waco9 
is affected by at least three additional minor loci qtl1.2, qtl3.1 and qtl4.1. Of these, qtl1.2 is a 
unique locus since its C24 allele increases susceptibility rather than resistance specifically to 
the isolate Waco9 [94]. Unfortunately, attempts to fine-map this locus to a single gene failed 
suggesting that it consists of several tightly linked genes. However, there is no evidence that 
the quantitative effect of qtl1.2 on Arabidopsis susceptibility is mediated by R-genes making 
qtl1.2 interesting for further investigation. Quantitative resistance to Hpa mediated by different 
loci in Arabidopsis C24 could be used to further characterize mechanisms of quantitative 
resistance of plants, in particular of susceptible crop species, to downy mildews.
Arabidopsis C24 is known not only because of BSR to downy mildew. This accession confers 
complex multigenic resistance to several powdery mildew fungi infecting Arabidopsis [163], 
dominant R-gene-based resistance to cucumber mosaic virus Y (CMV(Y)) [144, 154] and 
dominant resistance to Pseudomonas syringae pv. tomato (Pst) DC3000 [94]. This accession 
also has higher levels of the plant defense hormone salicylic acid (SA) and hydrogen peroxide 
compared to the Arabidopsis accession Col-0 [155]. In addition to many disease resistance 
traits, C24 has exceptional tolerance to drought [155] and submergence [310]. Increased 
resistance of plants is sometimes associated with early senescence, reduced seed set and 
compromised tolerance to abiotic stresses (de Vos et al., in press). For instance, in the 
natural Arabidopsis accession Est-1, a hyperactive allele of ACCELERATED CELL DEATH 6 
(ACD6) contributes to elevated resistance to Pst DC3000, powdery and downy mildews and is 
associated with abundant necrotic lesions and reduced dry weight of plants [311]. Arabidopsis 
C24 retains an unusual combination of resistance to biotic and abiotic stresses that might be 
useful in the development of crop varieties combining different quality traits.

Role of jasmonates in susceptibility of plants to biotrophic and hemibiotrophic 
pathogens
To identify genes that quantitatively affect Arabidopsis interaction with downy mildew in non-
isolate-specific manner, we performed association mapping of susceptibility of Arabidopsis 
accessions from the core HapMap population following infection with a mix of four Hpa 
isolates. This mapping approach revealed that variation at the CYTOKININ RESPONSE 
FACTOR1 (CRF1) locus affects the interaction with Hpa. Higher CRF1 mRNA levels were 
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correlated with higher levels of susceptibility in 34 Arabidopsis accessions indicating that 
CRF1 could negatively regulate resistance to Hpa. We observed that after treatment with 
different concentrations of cytokinin the crf1-1 mutant showed altered susceptibility to Hpa to 
an extent similar to the wild type Col-0 suggesting that CRF1 does not play a significant role in 
cytokinin-induced changes of Arabidopsis susceptibility to Hpa. Instead, CRF1 was transiently 
induced at the transcriptional level after methyl jasmonate (MeJA) treatment and was found 
to be coexpressed with a cluster of genes associated with JA-related gene ontology terms 
(see chapter 4) suggesting a role of CRF1 in the JA-signaling pathway. Notably, we found 
that pretreatment of Arabidopsis seedlings with MeJA enhances susceptibility to downy 
mildew but the effect of CRF1 alone on the MeJA-induced susceptibility was not evident. In 
contrast to SA, which positively regulates immunity of Arabidopsis to Hpa [312], the effect of 
MeJA on susceptibility to downy mildew is not well established. Consistent with our findings, 
the coi1 mutant that is JA insensitive showed enhanced resistance to Hpa Noco2 indicating 
that the JA-pathway negatively affects resistance to downy mildew. However, in the same 
study treatment of infected plants with MeJA vapour led to reduced sporulation levels [313]. 
Possibly, opposite effects of MeJA treatment on Arabidopsis susceptibility to downy mildew 
infection in the mentioned study and in our experiments could be caused by differences 
in the method of MeJA application, concentration of the compound or the use of different 
compatible Hpa isolates. Recently, it was reported that the Hpa effector HaRxL44 binds 
to the Med19a component of the Arabidopsis mediator complex to induce transcription of 
genes responsive to MeJA suggesting that Hpa manipulates JA-signaling pathway to promote 
Arabidopsis susceptibility [314]. Jasmonates can enhance susceptibility of plants to different 
hemibiotrophic pathogens. Coronatine, a structural and functional mimic of jasmonic acid 
produced by the bacterial pathogen Pst DC3000, activates the expression of the Arabidopsis 
MYC2 gene in a CORONATINE-INSENSITIVE 1 (COI1) dependent manner. This induces the 
expression of three genes encoding NAC TFs that negatively regulate the accumulation of SA 
and attenuate activation of SA-dependent immune responses effective against Pst DC3000. 
Thus, the pathogen hijacks the MeJA-signaling pathway to negatively affect the SA-pathway 
[7]. Similarly, successful infection of Arabidopsis by the hemibiotrophic fungus Fusarium 
graminearum is strongly dependent on an intact JA-biosynthetic and signaling pathway that 
likely delays NPR1-regulated immune responses [315]. Another mechanism by which MeJA 
promotes susceptibility also involving COI1 and MYC2 was found in the interaction of the 
hemibiotrophic fungus F. oxysporum with Arabidopsis. However, the enhanced resistance 
of the coi1 mutant was independent of SA accumulation suggesting that the positive effect 
of the MeJA-signaling pathway on susceptibility to F. oxysporum does not rely on negative 
regulation of the SA-pathway [316]. Finally, it is plausible that JA leads to destabilization of 
NLRs in a COI1-dependent manner as coi1 mutants show elevated accumulation of these 
proteins [317].
In addition to the positive role of jasmonates in susceptibility to certain (hemi-)biotrophic 
pathogens, it was found that it can also increase resistance to other (hemi-)biotrophs. Firstly, 
jasmonic acid is known to exert an antimicrobial activity by reducing spore germination of 
Magnaporthe oryzae [318], appressorium formation and penetration of Blumeria graminis 
[319], and mycelial growth of Phytophthora infestans [320]. In addition to the antimicrobial 
activity, there are examples of jasmonates positively regulating plant defense to (hemi-)
biotrophic pathogens. Mutants of Arabidopsis and tomato defective in JA-biosynthesis show 
enhanced susceptibility to the powdery mildew fungus Golovinomyces cichoracearum [321] 
and the oomycete Phytophthora infestans [322]. In line with these findings, natural variation 
at the JA-biosynthetic gene AOS2 underlies quantitative resistance to P. infestans and 
functionally more active alleles of AOS2 correlate with higher level of resistance suggesting 
that efficient JA-biosynthesis is required for defense to this hemibiotroph [308]. Similarly, MeJA 
treatment induced resistance to the powdery mildew fungi Erysiphe necator, G. cichoracearum 
and Blumeria graminis in grapevine [323], Arabidopsis [313] and barley [324], respectively. 
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Unfortunately, the mechanisms of the negative effects of MeJA on susceptibility to biotrophs 
and hemibiotrophs are largely unknown except that JAs play a role in the establishment 
of systemic resistance [325]. Potentially, application of MeJA leads to the accumulation of 
antimicrobial metabolites that might be effective against (hemi-)biotrophs [326]. Further 
studies on the molecular mechanisms of MeJA-induced susceptibility in the Arabidopsis-
downy mildew interaction might reveal why MeJA has different effects on plant susceptibility 
to unrelated (hemi-)biotrophs.

Processes occurring in Arabidopsis cells invaded with downy mildew haustoria
Downy mildew pathogens form specialized infection structures, haustoria, which penetrate 
through the plant cell wall but remain separated from the host cytoplasmic membrane. Similar 
structures are also found in different unrelated biotrophic and hemibiotrophic pathogens that 
points to their importance in pathogenesis [22]. Indeed, haustoria are likely to play a role in 
nutrient transport to biotrophic fungi [34, 327], and the secretion of effector molecules from 
both fungi and oomycetes into infected host plant cells occurs at least partially through foci 
of effector accumulation at haustoria [51-53, 258, 328]. Thus, it is important to understand 
processes in the host cells that are invaginated by pathogen haustoria as it can improve our 
understanding of plant disease susceptibility.
Arabidopsis subcellular responses to Hpa infection were intensively studied with microscopy 
methods. Aggregation of cytoplasm was observed at the site of young developing haustoria. 
Membranes of endoplasmic reticulum (ER) and bodies of Golgi complex (GC) appeared 
to localize close to the developing haustoria. Also markers of early and late endosomal 
compartments were localized around Hpa haustoria and actively moved throughout the 
infected plant cell toward and away from haustoria proving extensive membrane trafficking at 
the infection site. Treatment of infected cells with brefeldin A, an inhibitor of endocytic recycling, 
led to the accumulation of endosomes demonstrating that infected Arabidopsis cells actively 
endocytose [35, 329]. Given that lipid rafts-mediated endocytosis was shown to be important 
for the translocation of fungal and oomycete effectors into plant cells [54], active endocytosis in 
Hpa-infected host cells could play a role in Hpa effector translocation. Also, one can speculate 
that endocytosis in infected Arabidopsis cells might deliver Hpa-associated molecules which 
help Arabidopsis to sense the presence of the pathogen and adjust the strength of immune 
responses. In addition to aggregation of plant cytoplasm around haustoria, the tonoplast was 
found to surround Hpa haustoria [329]. Notably, it had abundant invaginations in the infected 
cells resembling bulbs in the vacuoles of uninfected plant cells [330]. Unfortunately, roles 
of these invaginations or bulbs are unknown, but it was suggested that they could function 
in autophagy, serve as reservoir of membrane material, or work as miniature factories with 
hydrolytic activities [331]. Next to the active rearrangement of membranes in Hpa-infected 
cells, the Arabidopsis nucleus moves towards haustoria and is found in close proximity with 
them [35, 329]. However, not all host cellular compartments are pulled towards the haustorium 
penetration site in infected cells. The majority of plasma membrane markers are excluded 
from the Arabidopsis membrane surrounding haustoria, i.e. extrahaustorial membrane (EHM) 
[35, 329]. Thus, host plasma membranes, as well as vacuoles and cytoplasm of Hpa-infected 
cells, undergo significant alterations at the site of haustoria development.
The processes described for Arabidopsis cells invaginated by Hpa haustoria are similar to 
those observed in the Arabidopsis-powdery mildew interactions. Arabidopsis epidermal cells 
infected with the powdery mildew G. cichoracearum also show aggregation of ER and GC 
components close to the EHM, surrounding of pathogen haustoria by tonoplast, movement 
of nuclei towards haustoria and exclusion of the majority of plasma membrane markers from 
EHM. Remarkably, nuclei of the powdery mildew-infected Arabidopsis epidermal cells were 
approximately twice larger than nuclei of uninfected epidermal cells [36]. In contrast, for Hpa-
infected mesophyll cells of Arabidopsis an increase in nucleus size has not been reported.
Substantial metabolic changes are likely to occur in Hpa-infected Arabidopsis cells. DOWNY 
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MILDEW RESISTANT 6 (DMR6) gene of Arabidopsis is expressed during Hpa infection 
specifically in the downy mildew-infected cells and encodes for a putative 2-oxoglutarate 
Fe(II)-dependent oxygenase of yet unknown substrate specificity. Enhanced DMR6 expression 
leads to negative regulation of defense locally in the infected cells [119] suggesting it is 
essential for successful Hpa development. Similarly, repression of SA-dependent defense 
reactions specifically in infected and adjacent plant cells was found in the Ustilago maydis – 
Zea mays interaction, where the pathogen effector Cmu1, functional chorismate mutase with 
virulence function, was localized only to the infected and adjacent maize cells [61]. Compatible 
interactions between Arabidopsis and Hpa were studied on the level transcription [113]. 
TREHALOSE-6-PHOSPHATE PHOSPHATASE J (TPPJ) was highly induced in this interaction, 
and promoter-GUS fusions show that the gene is active in the downy mildew infected cells of 
Arabidopsis (unpublished data). TPPs dephosphorylate trehalose-6-phosphate into trehalose 
that functions as a reserve carbon source and protects cell components during dehydration, 
hypoxia and nutrient starvation [332]. Potentially, elevated expression of Arabidopsis TPPJ 
helps Hpa to prolonge survival and feeding on the infected Arabidopsis cells.
To gain more insight into subcellular responses of Arabidopsis to Hpa infection, we deployed an 
N-glycotagging approach. In this approach, the DMR6 promoter, activated in the Hpa-infected 
but not surrounding cells [119], was fused to a COMPLEX GLYCAN LESS coding sequence, 
and the construct was transformed into the cgl1-1 mutant, which does not form complex 
N-glycans [270]. Infection with Hpa resulted in the restoration of complex N-glycosylation 
in the infected cells, and the glycoproteins were enriched and further analyzed by mass-
spectrometry methods (chapter 5). Using this method, we identified 18 Arabidopsis candidate 
disease-related proteins from diverse classes and expressed in Hpa-infected cells: receptor-
like and leucine-rich repeat kinases, chitinases, a germin-like protein, homolog of NON-
RACE-SPECIFIC DISEASE RESISTANCE1 (NDR1), FAD-binding Berberine family proteins, 
phosphorylase, lectin, peroxidase, acylhydrolase, and subtilases. The gene encoding one of 
the identified leucine-rich repeat proteins IMPAIRED IN OOMYCETE SUSCEPTIBILITY 1 
(IOS1) is specifically expressed in downy mildew-infected cells of Arabidopsis and positively 
regulates susceptibility to Hpa via yet unknown mechanism [112]. Arabidopsis germin-like 
protein PDGLP1, also identified in our proteomic study, was previously suggested to play a role 
in symplastic transport of nutrients in roots [293] indicating that this protein might be involved in 
nutrient transport in the Hpa-infected cells. Given that PDGLP1 is localized to plasmodesmata 
[293], and plasmodesmata are likely to play a role in effector translocation from rice and maize 
cells infected with Magnaporthe oryzae [52] and U. maydis [61] respectively into neighboring 
cells, it is tempting to speculate that PDGLP1 could be involved in the cell-to-cell transport 
of Hpa effector proteins. Further functional characterization of the identified disease-related 
Arabidopsis proteins expressed in the Hpa-infected cells and their paralogs seems important 
to study host processes in downy mildew infected cells.

Systems approaches to study susceptibility and quantitative resistance of Arabidopsis 
to downy mildew
The interaction between Arabidopsis and downy mildew is a complex process regulated by 
a wide range of biotic and abiotic factors. Transcriptional profiling of compatible Arabidopsis-
Hpa interaction revealed an overrepresentation of abscisic acid responsive genes induced 
by osmotic, cold and drought stresses [113] implying that these stresses could influence the 
outcome of the interaction. In addition, recent studies demonstrated that Arabidopsis immune 
responses to downy mildew are partially controlled by the two close homologs CIRCADIAN 
CLOCK ASSOCIATED1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY), well-known 
regulators of the circadian clock in Arabidopsis. Strikingly, the level of susceptibility to downy 
mildew appeared to be dependent on time of the spore inoculation [333, 334] clearly showing 
that the Arabidopsis-Hpa interaction is modulated by circadian rhythms. Finally, fertilization of 
pearl millet with urea was reported to reduce severity of the downy mildew disease in fields 
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[335], and thus, complex downy mildew disease management can benefit from our detailed 
understanding of the role of plant nutrition in disease development. Genetic and genomic 
resources for Arabidopsis offer excellent opportunities to investigate interactions of plants with 
downy mildews in a context of different environmental conditions.
One of the ways to change Arabidopsis susceptibility to Hpa is by modification of host plant 
metabolism to starve the pathogen. Systems biology approaches might be instrumental 
to study nutrition of Hpa. The genome of Hpa lacks several genes encoding key enzymes 
involved in sulfate and nitrate reduction [86]. In a recent large-scale study, loss-of-function 
mutations in genes from different regulatory and metabolic pathways in Escherichia coli were 
shown to increase fitness of bacteria under nutrient deprivation. Flux balance analysis of 
metabolic capacities suggested key enzymes whose mutations lead to higher growth rates 
of bacteria under starvation conditions, and the predictions were validated experimentally 
[336]. Thus, loss of key metabolic enzymes by Hpa could be due to starvation of the pathogen 
and not due to the abundance of nutrients during infection in Arabidopsis. Following this 
hypothesis, it might be possible to predict a ‘diet’ provided by Arabidopsis that shaped Hpa’s 
genome and metabolism and, consequently, to identify host genes affecting biosynthesis of 
these compounds in planta that could help to reduce plant susceptibility to downy mildews.
Systems biology could also be powerful in the identification of Arabidopsis genes quantitatively 
restricting Hpa growth. In a high-resolution temporal transcriptomic analysis of Arabidopsis 
responses to Botrytis cinerea infection, expression profiles of clusters of genes differentially 
regulated during Botrytis infection and dynamics of the pathogen growth were modeled to infer 
a causal structure identification network. One gene cluster appeared to be located upstream of 
the pathogen growth in the inferred network, and the TGA3 transcription factor present in this 
upstream cluster was proved as an essential regulator of Arabidopsis resistance to Botrytis 
[337]. Similar high-resolution time-course analysis would be useful to study Arabidopsis 
regulatory networks underlying its quantitative resistance to Hpa.
Finally, collecting results of association and linkage mapping studies of Arabidopsis 
susceptibility to diseases in one repository could be essential for the prioritization of Arabidopsis 
genetic pathways detected with systems biology approaches for further functional studies. I 
strongly believe that an integrated systems-level view on this interaction will result in better 
understanding of the downy mildew infection process in plants and provide more sustainable 
and reliable solutions to combat this disease in crops.
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Summary
The plant immune system can detect pathogens and restrict their growth and development, 
although adapted pathogens can circumvent or suppress the activated immune responses. 
Also non-immunity related host factors and processes contribute to pathogenesis by attracting 
pathogens, stimulating their development and providing nutrition. The model plant species 
Arabidopsis thaliana and its biotrophic pathogen Hyaloperonospora arabidopsidis (Hpa), 
causing downy mildew, provide an excellent interaction to study the role of immunity and 
non-immunity related host processes in plant disease susceptibility. The work described in 
this thesis was aimed at identifying Arabidopsis genes that alter susceptibility to the downy 
mildew pathogen Hpa. In Chapters 2, 3 and 4, results of studies on susceptibility of natural 
Arabidopsis accessions to Hpa are presented. The genetic basis of broad-spectrum resistance 
(BSR) of Arabidopsis line C24 to downy mildew was analysed by segregation analysis and 
quantitative trait loci mapping. BSR was found to be multigenic and mediated by different 
combinations of isolate-specific resistance loci, some of which confer only partial resistance. 
In Chapter 3, the quantitative resistance of C24 to the Hpa isolate Waco9 was studied in more 
details. Backcross mapping facilitated by whole-genome sequencing revealed two major loci, 
which interact to confer strong quantitative resistance to Hpa. An alternative method to identify 
Arabidopsis genes contributing to susceptibility to downy mildew is by association mapping, 
and is described in chapter 4., The core Arabidopsis HapMap population was scored for 
susceptibility to a mixture of four Hpa isolates. Data analysis revealed that natural variation 
at three loci, CYTOKININ RESPONSE FACTOR 1 (CRF1), STOMATAL CARPENTER 
1 (SCAP1), and the unknown gene At5g53750, was associated with susceptibility to Hpa. 
Analysis of mutants and silencing lines indicated that SCAP1 and CRF2, a close homolog 
of CRF1, are candidate genes that affect susceptibility in the Arabidopsis-downy mildew 
interaction. However, role of these genes in Arabidopsis susceptibility remain unknown. 
Besides the genetic approaches, a complementary proteomics approach was taken to identify 
proteins present in haustoria-invaded host cells. These specialized infectious structures, 
called haustoria, are formed by the downy mildew pathogen via penetrating of the plant cell 
wall and invagination of the host plasma membrane. To gain insight the molecular events 
occurring specifically in the Hpa-infected cells of Arabidopsis, we used a N-glycotagging 
approach coupled to label-free quantitative proteomics (described in Chapter 5). Complex 
N-glycosylation was specifically restored in infected cells by making use of the downy mildew-
induced DMR6 (for DOWNY MILDEW RESISTANT 6) promoter. A total of 18 candidate 
complex N-glycoproteins of Arabidopsis were identified that were associated with downy 
mildew infection. Analysis of mutants in the corresponding genes suggested that Arabidopsis 
PLASMODESMATA GERMIN-LIKE PROTEIN 1 (PDGLP1) and the subtilase ATSBT3.5 affect 
host susceptibility to Hpa. Molecular mechanisms of how genes and proteins identified in 
this study affect the interaction between Arabidopsis and downy mildew are not known, and 
their further functional characterization might improve our knowledge of host processes that 
contribute to susceptibility of plants to (hemi-)biotrophic pathogens.
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Het immuunsysteem van planten detecteert ziekteverwekkers en activeert de afweer, zodat 
hun groei en ontwikkeling wordt inperkt. Echter, succesvolle ziekteverwekkers kunnen de 
geactiveerde immuunreacties omzeilen of onderdrukken, en dus toch ziekte veroorzaken. 
Ook niet-immuniteit-gerelateerde factoren en processen in de plant kunnen bijdragen aan 
vatbaarheid, door het aantrekken van ziekteverwekkers, het stimuleren van hun ontwikkeling, 
en het verstrekken van voedingsstoffen. De plant Arabidopsis thaliana en de biotrofe 
ziekteverwekker Hyaloperonospora arabidopsidis (Hpa), de veroorzaker van valse meeldauw, 
vormen een uitstekend modelsysteem om de rol van immuniteit- en niet-immuniteit-gerelateerde 
processen in planten te bestuderen. Het in dit proefschrift beschreven werk was gericht op 
het identificeren van genen van Arabidopsis die de gevoeligheid voor Hpa beïnvloeden. In 
de hoofdstukken 2, 3 en 4 zijn de resultaten beschreven van experimenten met betrekking 
tot de vatbaarheid voor Hpa van verschillende Arabidopsis accessies. De genetische basis 
van breed-spectrum resistentie (BSR) van de Arabidopsis lijn C24 voor valse meeldauw werd 
in kaart gebracht door segregatieanalyse en door het mappen van “quantitative trait loci”. 
BSR bleek bepaald door meerdere genen en veroorzaakt door verschillende combinaties 
van isolaat-specifieke resistentie loci, waarvan enkelen slechts gedeeltelijke resistentie 
opleverden. In hoofdstuk 3 is de kwantitatieve resistentie van C24 voor Hpa isolaat Waco9 in 
meer detail bestudeerd en beschreven. Via “backcross mapping” en door middel van “whole 
genome sequencing”, zijn twee belangrijke loci onthuld, die samen een sterke kwantitatieve 
resistentie tegen Hpa opleveren. 

Een alternatieve methode om genen van Arabidopsis te identificeren die bijdragen 
aan de gevoeligheid voor valse meeldauw, is door middel van “association mapping”, welke 
is beschreven in hoofdstuk 4 . Hiervoor werd de “core” Arabidopsis HapMap populatie 
getest op gevoeligheid voor een mix van vier Hpa isolaten. Data-analyse toonde aan dat 
natuurlijke variatie op drie loci , CYTOKININE RESPONSE FACTOR 1 (CRF1) , STOMATAL 
CARPENTER 1 (SCAP1), en het onbekende gen At5g53750, was geassocieerd met 
vatbaarheid voor Hpa. Analyse van mutanten en gesilencente lijnen gaf aan dat SCAP1 en 
CRF2, een homoloog van CRF1, kandidaat-genen zijn die invloed hebben op de vatbaarheid 
van Arabidopsis voor valse meeldauw. Naast de genetische benaderingen is middels een 
complementaire proteomics-aanpak een aantal eiwitten geïdentificeerd die aanwezig zijn 
in haustoria-bevattende gastheercellen. Haustoria zijn gespecialiseerde infectiestructuren 
gevormd door valse meeldauw ziekteverwekkers door penetratie van de plantencelwand en 
invaginatie van het plasmamembraan. Om inzicht te krijgen in de moleculaire processen die 
in Hpa-geïnfecteerde cellen van Arabidopsis plaatsvinden, is een gecombineerde aanpak van 
N-glycotagging gekoppeld aan label-vrije kwantitatieve proteomics gebruikt (beschreven in 
hoofdstuk 5). Complexe N-glycosylatie werd specifiek hersteld in geïnfecteerde cellen door 
gebruik te maken van de DMR6 promoter die geïnduceerd wordt door valse meeldauw. In 
totaal werden 18 mogelijke complexe N-glycoproteïnen van Arabidopsis geïdentificeerd 
die geassocieerd waren met infectie door valse meeldauw. Analyse van mutanten in de 
overeenkomstige genen suggereerde dat Arabidopsis PLASMODESMATA GERMIN-LIKE 
PROTEIN 1 (PDGLP1) en de subtilase ATSBT3.5 de vatbaarheid voor Hpa beïnvloeden. De 
verdere functionele karakterisering van de geïdentificeerde genen en eiwitten kan nieuwe 
kennis opleveren over processen die bijdragen aan de vatbaarheid van planten voor biotrofe 
ziekteverwekkers.

Samenvatting
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