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Chapter 1

Introduction

The genetic basis of nonhost immunity is one of the most intriguing topics in the field
of plant pathology. The inheritance is very hard to study, since it typically requires
interspecific crosses between host and nonhost species. Until now, mutagenesis and
transformation have lead to the discovery of major key-genes in nonhost defence, but it is not
clear what role, if any, those key-genes play in natural differences in host status between plant
species. The work presented in this thesis is the first comprehensive forward genetics study on
nonhost immunity which involves more than one heterologous (nonhost) pathogen species.
Our system, barley-Puccinia rust fungi, focuses on natural variation in the plant species and is
therefore evolutionary relevant. This model is based on an experimental barley line with
exceptional susceptibility to several heterologous rust fungi. In this chapter the terms and
concepts commonly used in plant immunity and defence are introduced followed by an
explanation of the molecular basis, the genetics of nonhost resistance and the association

between host and nonhost resistance. Finally the lay-out and scope of this thesis is presented.

Innate and acquired immunity

Innate immunity is a well-described phenomenon in vertebrates and insects (Nurnberger
et al. 2004). This type of immunity is based on recognition of pathogen-associated molecular
patterns (PAMPs) and is induced upon infection by all pathogens (Boller 1995; Felix et al.
1999). Acquired immunity in animals, however, is based on recognition of highly specific
antigens by highly specialized antibodies, induced upon infection by specialized pathogens
and is carried out by specialized cells of the immune system (Boller 1995; Nurnberger et al.
2004).

Plants are not able to form antibodies. Consequently, the acquired immunity with
specificities as strong as observed in animals (characterized by the creation of antigen-specific
receptors through somatic recombination in maturing lymphocytes) does not exist in plants
and this is one of the major differences between the immunity system in plants and animals.
Innate immunity in plants is based on elicitor-induced defence which is activated upon
infection by all microbes and is based on recognition of general elicitors (=ubiquitous
molecules characteristic for whole groups of microbes). One of the important features of this
kind of defence is rapid activation of defence responses which is generally without
hypersensitivity (Boller 1995; Felix et al. 1999; Gomez-Gomez and Boller 2002; Nurnberger
et al. 2004). In recent publications the word PAMPs is being used instead of general elicitors

since PAMPs is a well-described term in animals and using this term in plants facilitates



General Introduction

communication among scientists in both animal and plant science. Innate immunity in plants
and animals both are therefore induced upon perception of PAMPs by specific and conserved
molecules named Pattern Recognition Receptors (PRRs) (Felix et al. 1999; Gomez-Gomez
and Boller 2000). Interestingly, recent studies revealed striking similarities of innate
immunity in plants and animals (Gomez-Gomez and Boller 2002; Parker 2003). Remarkable
similarity has been shown on the molecular building blocks of PAMP-induced signaling
cascades, leading to the transcriptional activation of immune response genes, which are
shared among plants and animals (Nurnberger et al. 2004). Bacterial flagellin is a PAMP by
which gram-negative bacteria are perceived by plants and is an important virulence factor for
those bacteria (Felix et al. 1999). FLS2 as a PRR is a part of the flagellin perception complex
in plants. Interestingly, this protein shares a similar modular structure with receptors in

Drosophila (Toll-like receptors) and in human (TLRs) (Gomez-Gomez and Boller 2000).

Heterologous and homologous pathogens

The majority of plant pathogens can only infect one or a few, mainly closely related,
plant species or genera. The pathogen species that are not adapted to a plant species are
known as heterologous (= inappropriate or nonhost) pathogens. The word heterologous refers
to the fact that any potential pathogen has a limited range of plants on which it can cause a
disease and often only plants of a single genus or species are host for a particular pathogen
and all other plant species, i.e. the vast majority of species, are durably and effectively
resistant. When the requirements for a pathogen for growth and development are met and the
pathogen overcomes, tolerates or suppresses the general defence reactions of plants, then the
plant species is considered as a host to the given pathogen which is called a homologous
pathogen. The spectrum of plant species that a given pathogen species can infect is the host
range of that pathogen.

Basal defence, nonhost, near —nonhost and host resistance

Basal defence is not a well-defined word in plant pathology. One definition of basal (=
basic) defence is related to the concept of basic compatibility. When a parasite has sufficient
pathogenicity factors to successfully parasitize a plant species it has achieved a basic
compatibility with that plant species (Heath 1991). In case of nonhost interaction where the
host species of the pathogen is taxonomically distinct from the nonhost species, resistance is
thought to be due to absence of a basic compatibility between the plant and the pathogen
(Heath 1991). Heath ( 2000) has defined basal defence as the resistance that occurs when the
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pathogen lacks the required pathogenicity factors to achieve colonisation of the plant species
and the plant does not provide the environment required by the pathogen for successful
infection. The second definition of basal defence is based on inhibition of pathogen spread
after successful infection and onset of disease. The existence of this type of defence is
inferred from the identification of mutants that are more susceptible to a virulent pathogen
than the wild type (Dangl and Jones 2001). The latter definition of basal defence pertains to a
compatible interaction where a plant reacts inefficiently or too late to the pathogen. Such a
resistance is considerably less obvious than that against avirulent pathogens that evoke a
hypersensitive response. In this compatible interaction however, the plant still has some
defence strategies to restrain the progress of a virulent pathogen. This type of defence is
sometime referred to as basal defence or to polygenic, horizontal resistance that acts in
slowing down of the disease development.

The two different definitions of basal defence explained above do not necessarily
exclude each other. In some plant pathosystems such as barley-leaf rust (Niks 1982; Zhang et
al. 1994; Hoogkamp et al. 1998) and barley-powdery mildew (Asher and Thomas 1983;
Jorgensen 1994) resistance to heterologous pathogens and partial resistance (PR) are both
based on poor haustorium formation, which in case of non-adapted pathogens is almost
entirely prevented, while in PR haustorium formation is only hampered to some extent.
Therefore it is likely that genes governing PR to a homologous pathogen play similar roles as
genes for basal resistance to heterologous pathogens (Niks 1982; Hoogkamp et al. 1998). PR
in barley has a polygenic inheritance, is governed by minor genes and is not based on
hypersensitivity (Parlevliet 1975; Rubiales and Niks 1995).

The most durable, complete and common type of immunity of plants to potential
pathogens is called nonhost resistance which by definition occurs in all genotypes of a plant
species to all genotypes of a pathogen species (Heath 2000). None of the individuals of
nonhost plant species allow any member of a potential pathogen species to successfully
reproduce (Elmhirst and Heath 1987). This strict definition of nonhost resistance is however
not easily applicable in practice. It has been shown that some genotypes of nonhost species
can be infected by some heterologous pathogens to a limited extent and under special
circumstances (Niks 1987). A few barley accessions, for example, are in the seedling stage
somewhat susceptible to rust species like the wheat leaf rust fungus (P. triticina) and the wall
barley leaf rust (P. hordei-murini) (Niks 1987; Niks 1996; Zhang et al. 1994; Hoogkamp et al.
1998). Near nonhost (=intermediate host) status has been proposed when only few accessions

are at most only moderately susceptible to a normally heterologous pathogen (Niks 1987).

10



General Introduction

Immunity of a plant accessions to certain pathogen species can also be due to other types of
resistance rather than nonhost and near-nonhost resistance. During evolution, some pathogens
have evolved the capacity to breach nonhost defence mechanisms and to reproduce on a
particular plant species, establishing a compatible interaction with the host plant, the so-called
basic-compatibility (Neu et al. 2003). In such a compatible host-pathogen interaction the
pathogen can be stopped in certain plant genotypes that possess one or more race specific
resistance genes. Such genes act in a gene-for-gene interaction with effector genes (see
below) in the pathogen, called in this context avirulence factors.

Race specific immunity is the well-described type of host resistance in plants, and is
governed by major genes (qualitative) and is triggered upon direct or indirect recognition of
avirulence gene products of a pathogen by race—specific resistance (R) proteins of host plant.
This type of immunity is usually associated with HR reaction and in biotrophic fungi occurs
after haustorium formation (=posthaustorial). Therefore, a host species can have two types of
host resistance, viz (1) the prehaustorial partial resistance, which can be considered a form of
basal resistance or reduced basic compatibility, and (2) the posthaustorial hypersensitivity

resistance.

Molecular basis of nonhost resistance

The first line of defence in plants is the presence of both physical and chemical
preformed or constitutive factors. Plant cell wall and cuticule are the first physical line of
defence. Cell wall structures have an important role as physical barriers against fungal
infections (Thordal-Christensen 2003). Preformed chemical defence, which comprises
phenols and alkaloids, are constitutively present and can prevent establishment of infection
units of a potential pathogen (Dixon 2001; Heath 2000; Kamoun 2001; Nurnberger and Lipka
2005). Although constitutive plant features contribute to nonhost resistance, they rarely
account completely and solely for the nonhost status of a plant species (Heath and Skalamera
1997).

Active defence responses such as cell-wall apposition and papilla formation (Figure 1)
are other lines of defence in plants (Wolter et al. 1993). When a pathogen manages to negate
the two earlier lines of defence (physical / chemical barriers and cell wall) it may become
subject to perception at the plasma membrane of plant cells. Perception of such signals by
plant receptors leads to activation of defence responses through HR reaction as the next line
of defence (Gomez-Gomez and Boller 2002; Jones and Takemoto 2004). Interestingly,

Christopher-Kozjan and Heath (2003) collected some cytological and pharmacological

11



Chapter 1

evidence suggesting that biotrophic fungi trigger different cell death execution processes in
host and nonhost cells during the hypersensitive response. PAMP-based microbe recognition
and defence activation together with preformed, constitutive defence barriers are suggested to
explain the molecular basis of nonhost resistance (Nurnberger and Lipka 2005). See Figurel.
Therefore nonhost resistance is thought to be a multi-component phenomenon (Heath 2001).

Attempts by microbial invaders to infect nonhost plants trigger the defence-signaling
network. In general three major pathways are known to be involved in plant defence; the
Salycilic Acid (SA), Jasmonic Acid (JA) and Ethylene (ET) pathways. The SA pathway plays
an important role in defence responses initiated by R-genes (Glazebrook 2001). The analysis
of mutants impaired in hormone homeostasis revealed that all three pathways are not only
crucial to cultivar-specific host plant resistance, but probably are indispensable for the
maintenance of nonhost resistance in specific plant-microbe combinations (Mysore and Ryu
2004). For example, SA as a key signaling molecule in plant defence to host pathogens has
been implicated in nonhost resistance in Arabidopsis to the cowpea rust fungus, Uromyces
vignae (Mellersh and Heath 2003). Tobacco plants impaired in ethylene perception lacked
nonhost resistance to some species of Pythium (Knoester et al. 1998) while nonhost resistance
of Arabidopsis to Alternaria brassicicola depends on JA perception (Thomma et al. 1998).

Adapted pathogens evolved the ability to suppress the active defence that is triggered
by PAMPs. In Arabidopsis plants, for example, active defence to a bacterial pathogen
Pseudomonas syringae is suppressed soon after initiation of a defence response (Kang et al.
2003) probably by injection of a large number of effector proteins into the plant cells (Kang et
al. 2003; Kim et al. 2005).

The crucial role of suppression has been demonstrated in particular for rust and
powdery mildew pathogens that form long-term biotrophic relationships with their host plants
and for plant pathogenic bacteria (Mellersh and Heath 2001; Panstruga 2003; Nomura et al.
2005).

Association between host and nonhost resistance

The idea that “plants defend to host and nonhost pathogens in the same way” has
received supporting evidence in plant biology. Many inducible defence responses are
involved in the expression of both host and nonhost resistance, suggesting that host and
nonhost resistance can be elicited by both parasite-specific and parasite-non-specific signals
(Heath 2000).

Gene expression studies in the Arabidopsis—P. syringae pv. Phaseolicola nonhost

12
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leaf angle may hamper locating of stomata by fungus may be affected by low stomata
spore deposition density or abnormal topography of stomata

Wall modification Papilla formation Preformed toxic chemicals

Secretion of toxic HR reaction Successful infection
metabolites

Figure 1. Cartoon illustrating the summary of performed and inducible defence responses in plants
that are potentially involved in nonhost resistance. Plants may have one, two or more defensive
features against nonhost pathogens. Successful infection occurs when a pathogen can negate all
potential defence mechanisms.

interaction showed that a wide array of plant defence genes was activated, and this array is
similar to that induced during a gene-for-gene interaction with host pathogens (Tao et al.
2003; Peart et al. 2002). The EDS1gene (enhanced disease susceptibility 1) in Arabidopsis, is
shown to be involved in host resistance. The Arabidopsis edsl mutant, however, is partially
susceptible to different isolates of two heterologous pathogens viz. Peronospora parasitica
and Albugo candida. (Both P. parasitica and Albugo candida are pathogens of Brassica
oleracea) (Parker et al. 1996).

In barley, the mechanisms of partial resistance to the homologous rust P. hordei not
only are similar to that of nonhost resistance to heterologous rusts, but also there seems to be
a moderate association between level of partial resistance and level of resistance to two

heterologous rust fungi (Hoogkamp et al. 1998; Zhang et al. 1994).
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Genetics of nonhost resistance

Our knowledge about the genetics behind nonhost resistance is negligible mainly due to
lack of proper genetic systems to study the genetic basis of this phenomenon. By definition,
all individuals of the nonhost plant species are immune to the pathogen (Heath 2000) and
members of plant species typically do not exhibit genetic variation for nonhost resistance.
Therefore, study of the genetics of nonhost resistance would require interspecific crosses
between host and nonhost species. There are very rare examples of successful crosses
between host and nonhost species (Jeuken and Lindhout 2002). Progeny from interspecific
crosses, if obtained at all, frequently suffer from sterility, low seed viability and abnormalities
in chromosome pairing during meiosis. Mutagenesis is frequently and successfully used to
find genes that affect the level of nonhost resistance. Genes that have been identified in this
way may play a role in perception of PAMPs, in the signal transduction or as compatibility
factors (Table 1), but it is doubtful whether in nature these genes determine whether a plant is
a host or a nonhost to a particular pathogen. Therefore such genes are not evolutionary
relevant to understand the genetic basis of host status. An alternative to investigate the
genetics of nonhost resistance is use of the near-nonhost resistance systems assuming that the

results can be extrapolated to full non-host systems.

Barley-rust pathosystem as a model to study nonhost resistance

Barley exhibits a complete resistance to the many heterologous rust pathogens such as
rye leaf rust fungus (P. recondita). However, some barley lines are at the seedling stage
somewhat susceptible to heterologous leaf rust fungi such as the wheat leaf rust and the leaf
rust fungus of Hordeum murinum (Niks 1983; Niks 1996; Hoogkamp et al. 1998). Although
one may argue that such a plant species cannot be defined as a nonhost in the strict sense, it is
likely that in such “near-nonhost” plant-pathosystems similar types of resistance occur as in
full nonhosts, and they can therefore be used as a model to study the genetic basis of this type
of resistance. In addition, barley as a diploid crop with a rather simple genome and
chromosome homology to common wheat (Moore 1995) seems to be an ideal model crop to
study the genetics of nonhost resistance and to extrapolate the results to the other cereals, like
wheat, with more complex genomes. Another advantage of using barley is the availability of
massive information on the genetics of host resistance, including partial and hypersensitive
resistance, to P. hordei. At the Laboratory of Plant Breeding of Wageningen University, there
is a long tradition of research on partial resistance that retards epidemic development of

disease although plants show a compatible (non-hypersensitive) infection type (Parlevliet
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1975). During the last decades, many aspects of partial resistance have been determined in
barley and by using classical genetics, molecular markers, field studies, QTL mapping, and
microscopy, comprehensive information has been collected about the genetics and
mechanisms of PR in barley to leah rust (P. hordei) (Parlevliet, Niks and associates, Qi et al.
1998; Qi et al. 2000). The histological observations on infected barley lines suggested that PR
and nonhost resistance might be due to the same mechanism (Niks 1983). Study of nonhost
resistance in barley therefore may provide clues to the nature of PR to and also raises the
question whether genes for PR to leaf rust are also part of the defence system of barley to
heterologous rust fungi.

The majority of rust fungi can only infect one or a few closely related plant species or
genera. This high degree of specialisation implies that plant species that are host to one
pathogenic rust fungus are nonhost to most other rust fungal species, even to rust fungi that
are pathogenic to a closely related plant species (Zhang et al. 1994). It is a fascinating
question which genetic factors both in plants and pathogens determine whether a plant species
is a host or nonhost for a pathogen species. This question may be addressed using such a
model system in which pathogens are extremely host specific. The high specificity of rusts
along with the large number of rust species on cereals and related grasses, allow studies with
rusts that vary in their degree of phylogenetic relationship, and to relate pathogenicity

characteristics of rusts to the degree of relationship between their respective host species.

Scope of the thesis

This thesis presents an extensive genetic study on nonhost resistance of barley to
different heterologous rust fungal species by using a forward genetic approach to answer the
following questions: (1) What is the genetic basis of nonhost immunity and is that based on
guantitative (QTLs) and/or qualitative resistance genes? (2) How rust species specific are the
genes involved in nonhost immunity and is there any association between host resistance (HR
and partial) and nonhost resistance? (3) Is the immunity of barley accessions to heterologous
rusts mainly due to genes that they have in common, or does each immune barley accession
have a different set of genes causing the immunity?

Chapter 2: We first focused on host range quantification of barley to different
heterologous rust species. We exposed 109 barley accessions in the seedling stage to a
collection of 19 rust species and isolates of cereals and grasses. We determined the
relationship between level of susceptibility at seedling and at adult plant stage and also the

rust and isolate specificity of the resistance of barley accessions to heterologous rust species
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General Introduction

was investigated. Then we developed two research lines fully susceptible to P. triticina and
to P. hordei-murini called SusPtrit and SusPmur respectively, by accumulating genes for
susceptibility (Figure 2). In the seedling stage these accessions were as susceptible as the host
species to the target rusts and also showed unusual susceptibility to some other heterologous
rusts and therefore we used the line SusPtrit to develop two mapping populations.

Chapter 3: We developed a mapping population from a cross between the research line
SusPtrit and the regular, immune, cv Vada. After seven generations of single seed descent,
from 200 F, plants a population of 152 Fg-drived Recombinant Inbred Lines (RILsS) was
obtained and genotyped with AFLP and SSR molecular markers (Figure 2), in order to
construct a linkage map. Seedlings were phenotyped with 8 isolates belonging to five
heterologous and two homologous (host) rust species. By QTL analysis, chromosomal
regions implicated in resistance were mapped on the barley genome. The number and
specificity of QTLs for different rust species and also association of host and nonhost
resistance were studied in this chapter. Furthermore, the internal transcribed spacer sequences
(ITS) of rust fungi were analysed as a measure of taxonomic relationship between the rust
fungal species applied in the study. This allowed us to determine whether or not QTLs with
double or multiple effectiveness tend to be effective to rust species that are phylogenetically
related.

Chapter 4: We developed a second mapping population by crossing SusPtrit with
immune barley, cv Cebada Capa. We constructed a molecular marker map and phenotyped
the RILs at the seedling stage with four heterologous rust fungal species and host pathogen P.
hordei. The Oregon Wolf Barleys population, which showed unexpected segregation for
resistance to heterologous rusts, was also phenotyped with those four heterologous rust fungal
species (Figure 2). The availability of three populations segregating for resistance to
heterologous rust fungi allowed addressing the question whether barley accessions commonly
share resistance genes to heterologous rust species. The positions of chromosomal regions
contributing to nonhost immunity were mapped through QTL analysis and were compared
with those mapped in the Vada x SusPtrit population using an integrated consensus map.
Furthermore, with this extensive data set we were able to test whether the genes involved in
nonhost immunity co-locate with loci for partial resistance of barley to the pathogenic barley
leaf rust fungus (P. hordei) and with defence gene homologues (DGHSs) loci that possibly play
arole in plant defence.

Chapter 5: Host status of barley to P. hordei-bulbosi (Phb) was studied using a set of

105 barley accessions. Barley is considered as a near-nonhost to the Phb. The host of Phb is
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the closest relative of H. vulgare/spontaneum, and the rust is closely related to the
homologous P. hordei and the heterologous rust P. hordei-murini. This made it very
interesting to compare the association of resistance to the various rust species for which the
three mapping populations segregated. QTL analysis in three mapping populations was
carried out based on macroscopic visible infection sites and the map position of QTLs for
resistance to Phb in three maps were compared using an integrated consensus map. We
studied the histology of infection to Phb and mapped QTLs involved in various components
of infection, including colony size, early abortion without necrosis and the percentage of
infection units associated with necrotic plant cell(s), in Vada x SusPtrit population.

Chapter 6: We provided a summarizing discussion of the thesis. Our finding about
specificity, diversity, mechanisms and evolutionary aspects of nonhost immunity are
discussed in this chapter. The possible role and nature of QTLs mapped for resistance to
heterologous rust fungi as well as the future use of the barley-Puccinia model system are

explained.
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Chapter 2

ABSTRACT

Nonhost resistance is the most common type of resistance in plants. Understanding the
factors that make plants susceptible or resistant may help to achieve durably effective
resistance in crop plants. Screening of 109 barley accessions at the seedling stage indicated
that barley is a complete nonhost for most of the heterologous rust fungi studied, while it
showed an intermediate status in relation to P. triticina, P. hordei-murini, P. hordei-secalini,
P. graminis f. sp. lolii and P. coronata ff. spp. avenae and holci. Accessions that were
susceptible to a heterologous rust at the seedling stage were much more or completely
resistant at the adult plant stage. Differential interaction between barley accessions and
heterologous rust fungi was found, suggesting the existence of rust-species-specific
resistance. In particular, many landrace accessions from Ethiopia and Asia and naked-seeded
accessions tended to be susceptible to several heterologous rusts, suggesting that some
resistance genes in barley are effective against more than one heterologous rust fungal
species. Some barley accessions had race-specific resistance against P. hordei-murini. We
accumulated genes for susceptibility to P. triticina and P. hordei-murini in two genotypes
called SusPtrit and SusPmur, respectively. At the seedling stage these accessions were as
susceptible as the host species to the target rusts. The accessions also showed unusual
susceptibility to other heterologous rusts. These two lines are valuable assets to further

experimental work on the genetics of resistance to heterologous rust fungi.

Keywords: Hordeum vulgare. Nonhost resistance. Puccinia. Rust fungi
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INTRODUCTION

Haustorium-forming fungi like rusts and powdery mildews can cause economically
important losses. Cereals and grasses are hosts of several species and forms of these fungi.
Understanding the factors that make plant genotypes and crop species susceptible or resistant
may help to achieve durably effective resistance against such pathogens. Haustorium-forming
fungi are characterised by extreme host specificity. The majority of these pathogens can only
infect one or a few closely related plant species or genera. Resistance shown by all the
individuals of a plant species to a specific parasite or pathogen species is known as nonhost
resistance (Heath 1981; Elmhirst and Heath 1987). The pathogens involved in nonhost
resistance are known as heterologous, inappropriate or nonhost pathogens (called
“heterologous” in this paper). Nonhost resistance is the most common type of disease
resistance in plants since only a few pathogen or parasite species within the myriad of
potential ones develop a successful infection.

More is known about the mechanism of nonhost resistance than about its genetics.
Various responses have been described, as reviewed by Heath (2000). Examples of responses
in nonhost infections are the formation of callose deposits (Perumalla and Heath 1989;
Vleeshouwers et al. 2000) and the deposition of phenolic compounds or silica in the cell wall
(Heath and Stumpf 1986). The actin cytoskeleton (Kobayashi and Hakuno 2003; Mellersh and
Heath 2003; Yun et al. 2003) and the adhesion between plasma membrane and cell wall
(Heath 2002; Mellersh and Heath 2001) have recently been reported as relevant aspects in the
defence against heterologous pathogens.

Gene expression studies have proven to be a useful tool to understand which genes are
involved in defence reactions against heterologous pathogens (Neu et al 2003; Tao et al.
2003). Recently, Neu et al. (2003) have studied the Hordeum vulgare-Puccinia triticina
interaction at the molecular level and have found four genes that are differentially expressed
during this nonhost interaction. However, it is not known why such genes for defence are
activated in nonhost species, and apparently not in susceptible host genotypes. It is likely that
plants also contain genes, encoding “compatibility factors” (Panstruga 2003) or R-genes, that
perceive the invading potential pathogen and determine whether or not defence genes will be
activated. Such genes might be discovered in inheritance and mapping studies. However,
genetic studies are difficult to perform since by definition all the individuals of the nonhost
plant species are completely resistant to the pathogen. Therefore, the study of the genetics of

this type of resistance would require interspecific crosses between host and nonhost species
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followed by the development of backcross inbred lines (Jeuken et al. in press) or of
chromosome addition lines (Johnson et al. 1994; Martens et al. 1983; Riley and Macer 1966)
or crosses between formae speciales (Tosa et al. 1987; Cotter and Roberts 1963). Approaches
based on the use of mutants to investigate signaling pathways are also used (Mellersh and
Heath 2003). If applied to susceptible host plants, mutagenesis may lead to the detection of
putative compatibility factors (reviewed by Panstruga 2003).

We propose to follow a genetic approach, by studying the genetics of resistance in a
species that is intermediate between host and nonhost status. It has been pointed out that the
distinction between host and nonhost status is not always clear (Heath 1985; Niks 1987). The
genetics of such near-nonhost resistance can be investigated, by crossing some rare genotypes
showing moderate susceptibility to some regular completely resistant genotypes (Niks et al.
1996). We suppose that the genetics of near-nonhost resistance is relevant to understanding
the genetics of full nonhost resistance (Zhang et al. 1994). Because of its near-nonhost status
for some heterologous rust species, Hordeum vulgare L. is a useful model crop to study the
genetics and the mechanisms of resistance against heterologous rust fungi such as P. triticina
and P. hordei-murini. To our knowledge, there are few reports on the nonhost status of barley
to heterologous pathogens (Mains 1933; Hassebrauk 1932). The objectives of the present
work are fourfold. First, to quantify the host status of barley for different heterologous rust
fungi. Second, to determine the relationship between the level of susceptibility in seedling and
in adult plant stages. Third, to investigate the rust- and isolate-specificity of the resistance of
barley accessions to heterologous rust species. Fourth, the development and evaluation of

barley lines fully susceptible to P. triticina and P. hordei-murini.

MATERIAL AND METHODS

Plant material

A collection of 109 spring barley accessions from diverse geographic origins was
subjected to infection experiments. The set contained modern and old cultivars from various
continents, landraces and wild (H. vulgare ssp. spontaneum) accessions. Passport data were
obtained from Centrum voor Genetische Bronnen, Nederland (CGN) located in Wageningen
(http://www.cgn.wur.nl/UK/CGN+Plant+Genetic+Resources/Collections) and The

Germplasm Resources Information Network (GRIN) located in the USA (http://www.ars-

grin.gov/npgs/acc/acc_queries.html) and occasionally from other sources.

28



Accumulation of genes for susceptibility

Selection of barley genotypes to develop research lines with full susceptibility to P.
triticina and P. hordei-murini

Earlier screens of barley accessions for susceptibility to P. triticina and P. hordei-
murini (Niks et al. 1996; Hoogkamp et al. 1998) allowed identification of several accessions
that showed some degree of susceptibility to these rust fungi. Barley accessions Menelik,
L100, Trigo Biasa and Nigrinudum which had exhibited either a relatively high number of
pustules or a high infection type were considered suitable for developing a research line
highly susceptible to P. triticina. Line 52, Trigo Biasa, Nigrinudum and PI1391136 (H.
vulgare ssp spontaneum) were selected as lines relatively susceptible to P. hordei-murini.

These susceptible accessions were crossed pairwise to start the selection programme.

Pathogen material

Several heterologous rust pathogens were used (Table 1). These pathogens were
multiplied on their respective host species as listed in Table 1. The complete set of 109
accessions, to which SusPtrit, SusPmur and the appropriate host species were added, was
tested against each of these isolates. The test for susceptibility to P. coronata was performed
first by inoculating with a mixture of four P. coronata formae speciales (ff. spp.) as listed in
Table 1, to identify susceptible accessions. The accessions showing some degree of
susceptibility were tested again for each forma specialis separately. This pooled testing was
used because, on the basis of earlier unpublished tests, the P. coronata isolates were expected
to produce hardly any successful infection in the accessions tested. For the same reasons
seven other rust fungi were tested in two sets of mixtures. In one experiment the barley
accessions were exposed to four rust species including: P. bromina (Dutch isolate), P.
recondita of rye, P. holcina and Uromyces dactylidis; a few accessions that showed at least
one pustule or many flecks were tested for each rust species individually. In another
experiment three other rust fungi, viz. P. vulpiana, P. recondita alopecuri, and P. bromina
(Spanish isolate), were used in a mixture as described previously. Inoculum of wheat powdery
mildew (Blumeria graminis f. sp. tritici) was also multiplied on susceptible host plants and

was used in a separate experiment.
Inoculation

Seedlings were grown in boxes (37 x 39 cm). Each line was represented by mostly three
seedlings, each box containing 15 lines, including line L94 and the appropriate susceptible
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host as listed in Table 1 as reference. Urediniospores were produced on the appropriate host
species and stored at -80 °C.

The inoculations were carried out with freshly collected spores, in some cases
supplemented with spores from the freezer to have a sufficient amount of inoculum, i.e. about
10 mg spores per plant box, resulting in a deposition of about 600 urediniospores per cm?®. An
inoculation with the barley pathogen P. hordei was carried out using about 3 mg spores per
plant box. Approximately a ten-fold greater volume of Lycopodium spores was added to the
urediniospores to homogenise the distribution of the inoculum. Twelve days after sowing,
completely unfolded primary leaves were fixed in a horizontal position, with the adaxial
surface facing up. The inoculum was applied in a settling tower (Hoogkamp et al. 1998). The
spores of wheat powdery mildew were administered directly onto barley leaves by shaking the
infected host plants, which were sporulating abundantly. The plants were incubated overnight
in a dew chamber for 9.5 hours (17-18 °C) at 100% relative humidity. In the morning, the
boxes were transferred to a greenhouse compartment at about 22/18°C (day/night).
Inoculation occurred with only one pathogen species per day.

To prevent cross contamination, the settling tower and other tools were cleaned with 96
% ethanol. Furthermore, atypical large and compatible pustules were considered
contamination by P. hordei. In the cases of P. coronata and P. graminis, colour and spore

morphology were also used to discriminate probable contamination by other rust species.

Study at the adult plant stage

To study the level of susceptibility at the adult plant level, we used the P. triticina
isolate ‘Flamingo’, the P. hordei-murini isolate ‘Rhenen’ and P. agropyrina. The plant
material was selected on the basis of the results obtained at the seedling stage including
resistant, moderately susceptible and susceptible accessions for each of the pathogens. In
addition, SusPmur, SusPtrit and L94 were included in all the inoculations. Plants were grown
in pots (16 cm diameter). For each accession, two pots each containing five plants were used.
One repetition experiment was performed. Inoculation was performed on flag leaves and
leaves immediately under the flag leaves using a mixture of rust and Lycopodium spores (1:10
w/w) on the leaves. Three mg of rust spores was used and five leaves per pot were inoculated
by dusting the inoculum over them. This inoculation was not performed in the settling tower.
Host plants were added as controls. Evaluation was performed as described for the seedling

stage.
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RESULTS

Host status of barley to different heterologous rust pathogens

There were several heterologous rust pathogens that could not infect any of the barley
accessions. This was the case for P. bromina Eriks (Dutch and Spanish isolates), P. holcina
Eriks., P. recondita Roberge f. sp. recondita, P. coronata Corda f. sp. lolii, Uromyces
dactylidis Otth, P. recondita Rob. ex Desm. f. sp. alopecuri and P. vulpiana Guyot. Also the
wheat powdery mildew fungus B. graminis (DC.) E.O. Speer f. sp. tritici Em. Marchal did not
successfully reproduce on any of the barley accessions. Barley germplasm showed an
intermediate susceptibility for the rest of pathogens (Tables 2, 3).

For any of the heterologous rusts, full susceptibility (scores 4 and 5 of the susceptibility
scale) occurred on less than 10% of the accessions. In contrast, P. hordei infected 92% of
accessions with score values 4 or 5 at three times less inoculum (Table 2). A very low
susceptibility was found for a mixture of four formae speciales of P. coronata Corda (Table

1) that only marginally infected 3% of the accessions (Table 3).

Table 2. Percentage of barley accessions per susceptibility scores 0 — 5 for 10 heterologous rust
species, one heterologous powdery mildew and Puccinia hordei at seedling stage

Susceptibility score?

Pathogen 0 1 2 3 4 5
P. agropyrina 39 7 9 37 8 0
P. triticina Flamingo 55 10 19 13 3 0
P. triticina French 54 10 ! 17 19 0 0
P. hordei-secalini 30 37 9 16 7 1
P. graminis f. sp. lolii 72 0 14 11 3 0
P. hordei-murini Rhenen 59 27 3 3 8 0
P. hordei-murini Cérdoba 31 1 ¢ 44 8 6 0
P. coronata f. sp. festucae 67 32 1 0 0 0
P. coronata f. sp. avenae 67 29 : 4 0 0 0
P. coronata f.sp. lolii 67 33 0 0 0 0
P. coronata f. sp. holci 67 31 ! 2 0 0 0
Uromyces dactylidis 96 4 0 0 0 0
P. holcina 97 3 0 0 0 0
P. bromina 98 2 0 0 0 0
P. recondita f. sp. recondita 100 0 0 0 0 0
Blumeria graminis f. sp. tritici 100 0 0 0 0 0
P. hordei (1.2.1)° 3 0 ! 0 5 66 26

# Susceptibility score (per leaf):

0: Immune or near immune (less than 3 pustules and few flecks)

1: Less than 3 pustules and medium or many flecks 2: 3-10 pustules
3:10-100 pustules 4: More than 100 pustules
5: More than 500 pustules

® Amount of inoculum was three times less than for heterologous rusts
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This low susceptibility was probably due to infection by avenae and holci formae
speciales (Table 2). The other heterologous rust species caused some infection (score 2 or
higher) on up to 58% of the accessions (Table 3). The highest susceptibility was observed for
P. hordei-murini, isolate Cérdoba, and P. agropyrina. The data (Table 3) indicate that naked-
seeded barley accessions are more susceptible to heterologous rust fungi than others.

Susceptibility in landraces of African and Asian origin and in wild barley was relatively
common and obviously higher (scores 3 and 4) than in modern cultivars of European origin.
Examples of such accessions with relatively high susceptibility to several heterologous rusts
are L94 and Trigo Biasa (Table 4). Many accessions, like Cebada Capa, were fully resistant to
all heterologous rust species. These results indicate genetic variation in barley for resistance
to heterologous rust species and that none of the heterologous rust fungi can infect barley as

successfully as the barley pathogen Puccinia hordei.

Development of a research line with full susceptibility to P. triticina

The F; lines were tested at the seedling stage for susceptibility to P. triticina, and those
derived from the crosses Menelik x L100 and Trigo Biasa x Nigrinudum were the most
susceptible. Transgressive segregation for number of pustules per leaf and infection type was
clearly observed. Infection type ranged from immune to fully compatible but also included
several degrees of hypersensitivity. In both F, lines the most susceptible plants were selected
and grown to adult plant stage and crossed between the two crossing combinations to obtain
double cross (DC) plants. Each DC plant was grown to develop DC-S; lines by selfing. The
most susceptible plants within the most susceptible DC-S; lines were selected. After several
cycles of selfing without selection, DC-Ss lines were obtained and evaluated for susceptibility
to P. triticina. The DC-Ss line with the highest number of pustules per leaf and the highest IT
was selected and named SusPtrit. Seed of this research line is derived from a single DC-Ss

plant.

Development of a research line with full susceptibility to P. hordei-murini

In the same way six F, lines were obtained from crossings between accessions that
showed some degree of susceptibility to P. hordei-murini. The two F, populations with the
highest susceptibility to P. hordei-murini were selected, and from those the most susceptible
plants. Selection criteria for susceptibility were as in the procedure to obtain SusPtrit. A DC
population was obtained from the accessions Trigo Biasa x Line 52 and Nigrinudum x

P1391136 (H. vulgare ssp spontaneum). Line 52 is a Recombinant Inbred Line derived from
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the cross L94 x C123 (Hoogkamp et al. 1998). The same generation-selection process as
described above for P. triticina was followed here, except that selection was not only for
susceptibility to the target rust P. hordei-murini, but also against some inconvenient
agronomic traits of the H. vulgare ssp spontaneum ancestor, viz. seed dormancy, narrow first
leaves and brittle spikes. The most susceptible DC-Ss line was selected and named SusPmur.
Like with the development of SusPtrit, transgressive segregation and a gradual increase in

susceptibility occurred during the process of development of SusPmur.

Table 3. Level of susceptibility® (%) of barley germplasm (n=109) to 7 heterologous rust fungi

£ %
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S = 2
= = S — =
5 5 g & £ 5 .
= E - S @ o
—_ —_ > c [<5] c ©
S § & B8 ¢ E §
S S > = e © S
= = @ +— = (@] o
Number of accessions A a a a a a o
Level of agronomic application
Wild species (H. spontaneum) 6 40 17 50 83 50 83 17
Line from land race and research lines 30 80 33 50 57 60 45 3
Cultivar released before 1945 17 70 0 70 0 18 18 0
Cultivar released in 1945 or later 44 45 7 5 25 16 16 2
Unknown 12
Origin®
Europe 56 48 5 50 13 30 16 2
North America 7 85 0 33 50 33 33 0
South America 13 46 0 50 33 25 17 0
Africa 10 77 70 20 80 50 30 0
Asia 12 91 23 8 70 92 54 0
Unknown 5
Morphological traits®
6-row 35 71 17 54 40 45 34 3
2-row 68 56 12 54 26 24 20 1
Naked seeded 10 90 60 50 80 80 70 0
Covered seeded 93 59 9 5 26 26 19 2
Black seeded 7 85 71 0 71 57 43 14
White seeded 96 46 9 58 25 29 23 1
All accessions 109 58 14 54 36 32 29 3

Susceptibility means at least 3 pustules per leaf
®Mixture of 4 formae speciales
°Excluding the H. spontaneum accessions
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Susceptibility of SusPtrit and SusPmur to heterologous rust pathogens

SusPtrit and SusPmur showed a much higher susceptibility than any of the 109
accessions studied in this research. SusPtrit was the accession with the highest susceptibility
to P. triticina. Its level of susceptibility was as high as that of the accession of the susceptible
host species (Fig. 1), and higher than that of each ancestor (Table 4). Interestingly, SusPtrit
showed full susceptibility not only to the target rust, but also it was the line with the highest
susceptibility to several non-target rusts like P. agropyrina, P. hordei-secalini and P.
graminis f. sp. lolii (Table 4). The susceptibility of SusPtrit and SusPmur also seemed to have
a rust-species-specific component, since SusPtrit was much less susceptible to P. hordei-
murini than to P. triticina, and for SusPmur the reverse was true (Fig. 1, Table 4). SusPmur
was fully susceptible to the target rust P. hordei-murini. In addition, SusPmur was also
susceptible to some non-target rusts like P. hordei-secalini, P. graminis f. sp. lolii, and P.
coronata f. sp. lolii, but rather resistant to P. agropyrina and P. triticina (Table 4). Both
SusPtrit and SusPmur fulfil the objective for which they were developed, i.e., full

susceptibility to P. triticina and P. hordei-murini, respectively.

P. triticina P. hordei-murini
o -
h -

Figure 1. Urediosores of Puccinia triticina and P. hordei-murini on L94 and two lines, SusPtrit and
SusPmur, with accumulated gene dose for susceptibility to these two heterologous rusts, as compared
with the infection on susceptible host plants.
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Relation between susceptibility at the seedling and adult plant stages

We used P. triticina ‘Flamingo’, P. hordei-murini ‘Rhenen’ and P. agropyrina to
evaluate several accessions at the adult plant stage selected on the basis of the results at the
seedling stage. Resistant, moderately susceptible and susceptible accessions for each pathogen
were included. SusPtrit, SusPmur and L94 were evaluated against the three rusts. Most of the
accessions were fully resistant in the adult plant stage and only five accessions, including
research lines SusPtrit and SusPmur, showed some susceptibility to heterologous rusts. The
corresponding host species showed full susceptibility in all the cases except P. agropyrina.

The use of a different accession of Agropyron repens for seedling and adult plant
studies may explain the difference in susceptibility of this host species between the two
studies. These observations indicate that, even in barley accessions with the highest
susceptibility to heterologous rusts, a very high level of resistance appears as the plants reach
the adult plant stage. To evaluate to which extent resistance to heterologous rust fungi may be
isolate-specific, we used two different isolates of P. triticina and P. hordei-murini (Table 1).
In the case of P. triticina, the percentage of susceptible accessions was the same for both
isolates (Table 2) and there was no strong evidence indicating isolate specificity for this rust
fungus.

There was a great difference between the two isolates of P. hordei-murini. About 58%
of barley accessions showed susceptibility (score value at least 2) to the isolate collected at
Cordoba, while the isolate from Rhenen produced a susceptible reaction in 14% of the
accessions. In spite of this strong pathogenicity of the Cordoba isolate, a few barley
accessions were resistant to this isolate but susceptible to the Rhenen isolate. This differential
behaviour is clear in only a few lines, most notably in Japan 1 and L92 (Table 4). This
suggests that some of the resistance to heterologous rust fungi is race-specific and may
depend on the particular isolate of the rust taxon.

DISCUSSION

Host status of barley for the different heterologous rust pathogens

The first objective of this research was to determinate the nonhost status of barley for
different heterologous rust pathogens (Table 1). Several of the pathogens studied could not
cause any susceptible reaction in any of the accessions studied and therefore, barley may be
considered a true nonhost to them. Barley may be considered a near-nonhost for P. triticina,

P. hordei-murini, P. agropyrina, P. hordei-secalini and P. graminis f.sp. lolii.
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Table 4. Susceptibility (number of pustules per leaf) of barley lines SusPtrit and SusPmur and
some accessions of the tested barley germplasm to some heterologous rust fungi in seedling stage

Heterologous rust
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Barley line e o o o o o o o o o
Vada 0 0 2 8 0 0 0 0 0
Cebada Capa 0 0 0 1 0 0 0 0 0
Japan 1 32 125 0 3 6 0 1 1 1 1
Nigrinudum 9 135 180 0 162 18 0 0 0 0
L92 87 360 12 2 163 0 1 1 1 1
Trigo Biasa® 134 245 200 192 432 158 1 0 0 1
Hassan 0 0 3 139 0 1 0 0 0 0
L94% 89 352 133 2 194 23 23 1 4 5
SusPtrit 708 575 225 438 657 166 10 0 5 5
SusPmur 19 700 517 37 475 142 6 56 5 1
Control = host” 618 138° 694 609 344 49° 300 396 500 32

®Line used to develop SusPtrit

*The respective host for each heterologous rust is indicated in Table 1.

‘Low number of pustules due to small and narrow leaves of host plants

Low number of pustules caused by systemic infection, leading to merging of pustules and colonies in host
plants

To our knowledge, this is the first time that the host status of barley for the latter three
pathogens has been established. Our results agree with reports by Mains (1933) and
Hassebrauk (1932) indicating that P. triticina can infect a low percentage of barley accessions
to some degree. Anikster (1989) reported that P. hordei-murini is confined to wall barley (H.
murinum) and should not be pathogenic on cultivated barley. However, Niks et al. (1996)
studied 212 cultivated barley accessions and reported a susceptible reaction on 16% and 8%
of these lines for P. triticina and P. hordei-murini, respectively. We have used the same
isolates as these authors (‘Flamingo’ for P. triticina and ‘Rhenen’ for P. hordei-murini). Also,
one additional isolate for each pathogen was included in this study (Tables 1, 2, and 4). The

number of barley accessions that showed susceptibility (score value of 2 or higher) to those
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pathogens in this research was higher than in the previous work reported by Niks et al. (1996).
These differences may be caused by the higher quantity of inoculum used in this work
compared to the previous one. It may be possible that our barley collection is slightly biased
toward susceptibility to P. triticina and P. hordei-murini since the collection’s size is smaller
than that used by Niks et al. (1996) with some higher representation of exotic landraces. In
any case, barley may be considered a near-nonhost for both rust species.

Susceptibility to heterologous rusts tended to be associated with uncovered seeds and
Asian or African landrace origin (Table 3). This supports the conclusion that there is a linkage
between the gene for naked seeds (on chromosome 1) and allele(s) for susceptibility to
heterologous rusts as reported by Niks et al. (2000).

Modern cultivars often possess a fair level of partial resistance to P. hordei and may
also carry one or more major genes for race-specific resistance to that rust (Niks et al. 2000).
In two mapping populations there was a positive correlation between level of partial
resistance to P. hordei and level of resistance to heterologous rusts in barley (Hoogkamp et al.
1998 and Zhang et al. 1994). This suggests that minor genes for resistance may also have a
role against some heterologous rusts. It has been demonstrated that the race-specific resistance
gene Rph7 of the barley line Cebada Capa does not contribute to resistance against P. triticina
(Neu et al. 2003; Niks and Rubiales 1994), but there is evidence that this gene was effective
against P. hordei-murini (Niks and Rubiales1994). It has been suggested that individual R-
genes are ‘re-used’ again and again in plants and that plant species can have functional
homologues of a particular R-gene and consequently the same R-gene may act towards
different heterologous pathogens (Thordal-Christensen 2003). Therefore it may be speculated
that resistance to heterologous rust fungi in modern cultivars is partly a consequence of
accumulation of this type of major and several minor genes involved in resistance to rust

fungi.

Are different genes controlling the resistance against different pathogens?

One of the most important questions regarding nonhost resistance in barley is whether
the same or different resistance genes are controlling different pathogens. As a first step
towards the elucidation of this point, we have compared the reaction of 109 accessions against
different heterologous rusts that have low pathogenicity to barley. Barley exhibited different
levels of susceptibility to heterologous rust fungi, depending on the rust species. Some lines
were susceptible to one heterologous pathogen and immune or completely resistant to others.

In several cases differential interaction occurred between barley accessions and heterologous
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rust, as shown in Table 4 for Hassan and L94. It seems that nonhost resistance of barley to
heterologous pathogens is rather pathogen-species-specific. In spite of this obvious
specificity, some accessions that were susceptible to one heterologous rust were also
frequently susceptible to other heterologous rusts, like Trigo Biasa and L94 (Table 4). This
suggests that barley may possess genes for general defence that protect against several
heterologous rust fungi. It is interesting that even some evidence was obtained for race-
specific resistance against a heterologous rust (Table 4, Japan 1 and L92 with the two isolates
of P. hordei-murini). In conclusion, the results suggest that in barley both genes for general
and genes for specific resistance against heterologous pathogens exist.

The transgressive segregation and gradual increase in susceptibility observed during the
process of development of SusPtrit and SusPmur suggest a quantitative inheritance of the
resistance against P. triticina and P. hordei-murini. In hardly any of the barley accessions did
a sufficient gene dose occur to cause a high susceptibility (score value 5) to a heterologous

rust.

SusPtrit and SusPmur are valuable materials as the basis for experimental work

To study the genetics of nonhost resistance of barley to heterologous rust fungi,
accessions with susceptibility as high as in host plants are required to be intercrossed with
regular, completely resistant accessions. Our host range quantification (Tables 2, 3 and 4) of
barley to heterologous rust pathogens showed that full susceptibility in barley to heterologous
rusts was rare or absent. This prompted us to develop some fully susceptible barley material,
allowing subsequent studies on the inheritance of resistance to heterologous rusts. The
gradual increase in level of susceptibility in the generations leading to SusPtrit and SusPmur
suggests that the resistance against the heterologous rust is based on quantitative genes, each
with probably relatively low effect. From a cross between a barley with a moderate gene dose
of such genes and a normal, fully resistant cultivar, we expect the large majority of the
progeny to be fully resistant and phenotypically identical, irrespective of whether they carry
no, one or maybe two such quantitative genes for susceptibility. Only the relatively few
progeny combining three or four such alleles would be phenotypically distinct and such a low
number might be insufficient to determine the loci involved. In the RIL population derived
from a cross between L94 as a line that is medium susceptible to P. triticina (Fig. 1 and Table
4) and the fully resistant line (Vada), the large majority of RILs was indeed fully resistant to
P. triticina (unpublished data). SusPtrit and SusPmur were at the seedling stage as

susceptible as accessions of the host species, not only for the target rusts P. triticina and P.

39



Chapter 2

hordei-murini, respectively (Table 4), but also for several non-target rusts (Table 4).
Therefore, those two lines are suitable to study the genetics of resistance against P. triticina,
P. hordei-murini, P. agropyrina, P. hordei-secalini, P. graminis f. sp. lolii and P. coronata f.
sp. lolii. The minor genes involved in resistance to those pathogens can be mapped in a RIL
population derived from a cross between SusPtrit and resistant lines. Such mapping
populations are being developed at present and will allow us to compare the inheritance of
resistance to heterologous rust species with that of resistance to the barley leaf rust pathogen
P. hordei.
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ABSTRACT

We developed an evolutionary relevant model system, barley — Puccinia rust fungi, to
study the inheritance and specificity of plant factors that determine to what extent innate
nonhost immunity can be suppressed. A mapping population was developed from a cross
between an experimental barley line (SusPtrit) with exceptional susceptibility to several
heterologous (nonhost) rust fungi and regular, immune, cv Vada. Seedlings were inoculated
with five heterologous and two homologous (host) species of rust fungi. Resistance
segregated quantitatively for each of the rust fungi. In total 18 chromosomal regions were
implicated. For each rust species, a different set of genes was effective. Eleven chromosomal
regions were significantly effective to only one rust species, seven regions were effective to
more than one rust species, implying genetic linkage or pleiotropy. One R-gene for
hypersensitive resistance to P. hordei-secalini was mapped, suggesting occasional
contribution of R-genes to nonhost resistance in barley. QTLs with effects to multiple rust
fungi did not tend to be particularly effective to rust species that were phylogenetically
related, as determined from their ITS sequence. We suggest that the QTLs described here play
a role as specific and quantitative recognition factors that are specifically negated by the rust

to successfully suppress innate immunity.

Additional keywords: basal resistance, Hordeum vulgare, partial resistance, Rust fungi
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INTRODUCTION

In plants and animals, innate immunity, in particular resistance to nonhost pathogens, is
induced by recognition of pathogen associated molecular patterns (PAMPS) (Zipfel and Felix
2005) which are generally occurring and conserved compounds, like chitin in fungi and
flagellins of bacteria. The innate immunity system of animals and plants recognise PAMPs
through pattern recognition receptors (PRRs) like FLS2 in Arabidopsis which is involved in
flagellin perception of gram-negative bacteria and has a highly conserved structure (Gomez-
Gomez and Boller 2000). One of the most abundant and conserved bacterial proteins,
elongation factor Tu (EF-Tu), can also be recognized as a PAMP by Arabidopsis plants
(Kunze et al. 2004). Zipfel et al. (2006) recently showed that a receptor kinase called EFR is
essential for EF-Tu perception in Arbidopsis. Since host pathogens also contain PAMPs, they
apparently have developed a way to suppress basal defence in their susceptible host plant. For
example, Pseudomonas syringae pv. tomato contains flagellin, which indeed briefly initiates a
basal defence, but within about 6 hours suppresses this response (Kang et al. 2003) probably
by delivering a large number of effector proteins into the plant cells (Kang et al. 2003; Kim et
al. 2005). Rust fungi probably suppress or prevent elicitation of basal defence in their hosts by
interfering with communication between host plant plasmalemma and cell wall (Mellersh and
Heath 2001). Basal defence of plants to rust fungi in many cases expresses itself as failed
haustorium formation, without induction of a hypersensitive response (HR) (Mellersh and
Heath 2001). If PAMPs occur universally in whole classes of pathogens, and PRRs that
perceive PAMPs are conserved in plants (Gomez-Gomez and Boller 2000; Kunze et al. 2004;
Zipfel and Felix 2005), then one of the challenges is to understand how pathogens are able to
suppress basal defence in their host plant species, but not in closely related nonhost species.
Given the presumed conservation of PAMPs and PRRs it is surprising for example that the
rye leaf rust fungus Puccinia recondita is able to suppress basal defence in its host species rye
(Secale cereale), but not in wheat (Triticum aestivum) (Niks and Dekens 1991) although rye
and wheat are closely related and are able to hybridize. Obviously there is a range of specific
factors in the pathogen and in the plant that determine the extent to which basal defence can
be suppressed. Even within a host species there appears to be genetic variation in the degree
to which basal defence can be suppressed by the pathogen. For example in the barley
(Hordeum vulgare)/ barley leaf rust (P. hordei) system (Niks 1986a), some barley cultivars
have a high level of non-HR polygenically inherited resistance, which has been coined
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"partial resistance” by Parlevliet (1975). In such partially resistant barley genotypes the barley
leaf rust fungus seems to be less effective in suppressing the basal resistance reaction.

The objectives of this study were to investigate the inheritance and specificity of plant
factors that determine the degree of suppression of basal defence by host and (near) nonhost
pathogens and to determine whether there is a correlation between phylogenetic relationship
of the fungal pathogens and specificity of these plant factors. We followed a forward genetics
approach, using the barley cultivar Vada and recently developed experimental line SusPtrit.

The latter accession which is fully susceptible to the wheat leaf rust fungus P. triticina,
was developed by a selection program for increased susceptibility to P. triticina (Atienza et
al. 2004). Interestingly, this line was partially or fully susceptible to some other heterologous
rust fungal pathogens as well. Rust fungi used in this study represent three taxonomic groups:
i) P. hordei complex (P. hordei and P. hordei-murini); ii) P. recondita /P. persistens complex
(P. hordei-secalini, P. persistens, P. triticina (from bread wheat) and P. triticina-*“duri”
(from durum wheat) and iii) P. graminis (P. graminis f. sp. lolii and P. graminis f. sp. tritici).
Cultivated barley (H. vulgare) is a host for P. hordei and P. graminis f. sp. tritici but a near-
nonhost for the other rust fungal species and formae speciales i.e. only a small fraction of
barley accessions allowed some reproduction of these rusts fungi (Atienza et al. 2004).

RESULTS

Marker analysis and map construction

A total of 448 markers (AFLP, SSR and two morphological markers) were assembled
into 18 linkage groups at a LOD threshold of 8.0, and could be united into 7 linkage groups
with a total map length of 972 cM. The average marker distance on the extracted skeletal map
used for QTL mapping was 5.4 cM. For those markers that had been mapped in L94 x Vada
or other populations, the order and relative position in the linkage groups was consistent with
previously published maps (Qi et al. 1998a; Ramsay et al. 2000; Liu et al. 1996)

Disease tests with rust species and isolates to which barley is a near-nonhost

For all pathogens tested, frequency of visible infection sites (FVIS; the number of both
flecks and pustules per cm?), infection frequency (IF; the number of pustules per cm?) and
relative infection frequency (RIF; the number of pustules per cm? relative to the IF of the

susceptible parent SusPtrit in the same box), showed continuous and quantitative segregation,
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indicating polygenic inheritance of the resistance. Frequency distributions of phenotypes for
FVIS are shown in Figure 1.

The infection phenotypes for four heterologous rust fungi (P. triticina, P. persistens, P.
hordei-murini and P. hordei-secalini) were nearly immune for Vada. SusPtrit was the most
susceptible accession. However, in the case of P. graminis f. sp. lolii some RILs showed
higher levels of susceptibility and resistance compared to the respective parental lines
indicating that the two parents carried both susceptibility and resistance alleles to this rust
fungus.

Resistance to P. triticina (three isolates), P. persistens, P. hordei-murini and P.
graminis f. sp. lolii was not associated with a clear hypersensitive reaction (HR). For P.
hordei-secalini, 59% of RILs showed HR response with hardly any pustule development
(Figure 2Ad). The remaining RILs varied in level of non-HR resistance (Figure 2Aa, 2Ab and
2Ac). The HR phenotypes varied from restricted chlorosis (chlorotic spots) to extensive
chlorosis (chlorosis of most of the leaf) and from small brown lesions (Figure 2Ad) to large
confluent necrotic flecks. The levels of infection established by P. triticina and P. persistens
ranged from immune (no pustules and less than 3 flecks per cm?®) to fully susceptible
(maximum 92 and 76 sporulating pustules per cm?, respectively). However, for P. hordei-
murini a lower level of susceptibility was observed in SusPtrit and in the most susceptible

RILs compared to the other heterologous rust fungi.

Disease test with two rust species to which barley is a host

The RIL population showed a quantitative segregation for susceptibility to P. hordei
isolate 1.2.1 (Figure 1G). The relative latency period (RLP) values of RILs in three
replications did not indicate transgressive segregation in this population. SusPtrit was as
susceptible as our long term most susceptible standard line L94 and in some cases slightly
more susceptible.

The mapping population showed a quantitative segregation for susceptibility to P.
graminis f. sp. tritici as well (Figure 2B). The pustules of neighbouring infections in more
susceptible RILs often merged and, in more resistant RILs, single infection sites often
produced two or more tiny pustules, making infection frequency (IF) an inaccurate measure
for the level of resistance to P. graminis f. sp. tritici (Figure 2B). Therefore the area covered
with lesions, including the pale green/yellowish areas surrounding pustules, was used as an
alternative index to quantify susceptibility of RILs. In a random subset of RILs correlation

between IF and area covered with lesions was positive and highly significant (r= 0.91).
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Figure 1. Frequency distribution of phenotypes for resistance to eight rust species in barley
mapping population Vada x SusPtrit. VValues of the two parental lines are shown by arrow

A) P. triticina (Flamingo isolate) B) P. triticina from T. durum C) P. persistens
D) P. hordei-murini E) P. hordei-secalini F) P. graminis f. sp. lolii
G) P. hordei H) P. graminis f. sp. tritici
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Some of the individuals showed higher susceptibility or resistance compared with the

two parental lines indicating transgressive segregation to P. graminis f. sp. tritici in this

mapping population.

AIII

Figure 2. Segregation of RILs (Vada x SusPtrit) for nonhost resistance to P. hordei-secalini and host
resistance to P. graminis f. sp. tritici

A- Quantitative (a, b and ¢) and qualitative (d) segregation to P. hordei-secalini (e=host plant)

B- Quantitative segregation (a, b and c) to P. graminis f. sp. tritici (d=abaxial side of infected leaf, e=
susceptible wheat line “Morocco”

Phylogenetic analysis of rust fungi

Parsimony analysis of ITS sequence data from 20 rust isolates resulted in four
optimal trees with a tree length of 262 (Figure 3). Distance analysis using the Neighbor
Joining method (Kimura 2-parameter) resulted in a tree with identical topography. DNA
sequences from rust samples used in this study, grouped into three distinct and well-supported
clades (Figure 3). Clade I consisted of the barley leaf rusts P. hordei (H. vulgare) and P.
hordei-murini (H. murinum). These two rusts are closely related to onion and garlic rust (P.
allii), which forms a sister group within Clade 1. The remaining barley leaf rust, P. hordei-
secalini, (H. secalinum) grouped in Clade Il1, which also contained P. persistens, P. triticina,
and P. triticina-““duri”. P. bromina (Bromus sp.) and P. cerinthes-agropyrina (Agropyron sp.)

formed a sister group within Clade I1I.
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I: Puccinia hordei (Hordeum vulgare)

97 P. hordei-murini (H. murinum)

o 100 P. allii YA8799 (Allium sativum)
l P. allii MS165/62 (A. porrum)
100 r P. holcina RN-5 (Holcus mollis)
94 P, holcina PRC 159 (Holcus lanatus) I
100 ~ P. bromina (Bromus sterilis)
[ P. cerinthes-agropyrina (Elytrigia sp.)
88 85 P persistens PRC 227 (E. repens)
P. persistens RN-8 (E. repens) "
100 P. hordei-secalini (Hordeum secalinum)
P. triticina (Triticum aestivum)
P. triticina-duri (T. turgidum spp. durum)
100 — P. graminis f. sp. tritici (T. aestivum)
100 | P. graminis f. sp. lolii (Lolium perenne) v

P. graminis f. sp. avenae (Avena sativa)
100 r P. coronataf. sp. avenae (A. sativa)
| P. coronata f. sp. lolii (L. perenne) \
P. striiformis f. sp. hordei ( H. vulgare )
P. striiformis f.sp. tritici (T. aestivum) Vi

100

= 5changes

Figure 3. Parsimony tree from the analysis of nuclear ribosomal internal transcribed spacer (ITS)
sequence data of selected cereal and grass rusts. Phylogenetic analysis resulted in four optimal trees,
one of which is shown (tree length of 262 steps, Cl = 0.7634, HI = 0.2366, Rl = 0.8839 and RC =
0.6747). Numbers above branches indicate percentage of congruent clusters in 1,000 bootstrap trials
and only values above 80% are shown. Rust hosts are indicated in parentheses. Clades are indicated
along the right hand side. P. striiformis DNA sequences were used as out-group.

Three collections of stem rust (P. graminis) formed Clade IV, which was divided into
two subgroups, P. graminis f. sp. tritici and P. graminis f. sp. lolii and P. graminis f. sp.
avenae. P. holcina, P. coronata (crown rust) and P. striiformis (stripe rust) formed distinct

clades, 11, V and VI, respectively.

Correlations among quantified traits for different rusts

Correlation coefficients (r) among the infection parameters measured in the mapping
population for nonhost and partial resistance to 10 isolates representing seven rust species are
shown in Table 1. In the case of association, a negative correlation would be expected
between RLP to P. hordei and FVIS of other rust fungi. The highest negative correlation was
between RLP to P. hordei and FVIS to P. persistens (r= -0.40), indicating that at least some
of the genes for resistance to these rusts are either linked or have pleiotropic effects. The
highest positive correlation was observed between different isolates of P. triticina (r=0.62-
0.73). Correlation between two formae speciales of P. graminis was intermediate (r=0.43).
Among the three phylogenetic groups of rusts, the P. triticina and the P. graminis group

showed the highest correlation (Table 1).
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Table 1. Correlation coefficients (r) among infection parameters expressing level of resistance of
152 RILs of Vada x SusPtrit, for 10 isolates belonging to seven rust species
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RLP (P. hordei)
FVIS (P. hordei-murini) -0.11
FVIS ( P. triticina) Flamingo -0.22 034
FVIS ( P. triticina) Swiss -0.30 037 0.73
FVIS ( P. triticina) French -0.30 033 0.70 0.69
FVIS (P. triticina “duri’) -0.27 033 0.62 0.69 0.50
FVIS (P. persistens) -040 036 049 054 053 051
IF (P. hordei- secalini) -0.14 022 0.47 044 040 048 046

Inf. Area (P. graminis f. sp. tritici) -0.12 028 0.44 045 034 034 042 0.16

FVIS (P. graminis f. sp. lolii) -0.14 020 034 033 035 021 017 017 043

RLP: Relative Latency Period

FVIS: Frequency of Visible Infection Site

IF: Infection Frequency

Inf. Area: % of Area Covered by Lesions

Correlation coefficients 0.45 and higher are highlighted in bold
QTLs mapped for nonhost and partial resistance

QTL mapping for nonhost resistance was performed using 8 isolates belonging to 5

heterologous rust species and three evaluated traits: IF, FVIS and RIF. In all cases FVIS and
IF were closely correlated (r = 0.73 to 0.99), resulting in the same QTLSs identified for both
parameters. Due to homogeneous distribution of spores on the leaves of inoculated plants the
same QTLs were identified for Relative Infection Frequency (RIF) and IF traits as well. The
LOD scores for QTLs were in general higher for FVIS than for IF and therefore only mapping
data for parameter FVIS are presented (Table 2 and Figure 4). For all heterologous rust
species except P. graminis f. sp. lolii, alleles for resistance originated from Vada and
susceptibility alleles from the susceptible parent SusPtrit. For the latter rust species, one QTL

allele for resistance originated from Vada and two from SusPtrit (Table 2). The qualitative
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segregation for hypersensitivity against P. hordei-secalini (Figure 2A) allowed mapping of
this feature by Joinmap. This demonstrated that a major gene at 58 cM on chromosome 5
(1H) was responsible for the hypersensitive reaction.

Four QTLs were found to be effective to all three P. triticina isolates, and one QTL
seemed effective to only the Flamingo isolate since the LOD profile in that region was flat in
the tests with both other isolates of this rust species. The contribution of seven barley
chromosomes in resistance to the rust species varied from one QTL effective to only one rust
species (chromosome 4) to four QTLs effective to seven different rust species (chromosome
1). In the same way as described above, QTL mapping was performed for RLP of P. hordei.
The most effective QTL to P. hordei was mapped at the bottom of chromosome 2 (Table 2;
Figure 4). This QTL was mapped to a similar position as a QTL reported by Qi et al. (1998b)
with identical flanking markers. Two other QTLs with minor effect were mapped on
chromosome 1 and 3. Their confidence interval did not overlap with QTLs mapped in the L94
x Vada mapping population. Five QTLs were mapped for resistance to P. graminis f. sp.
tritici; two for resistance were contributed by SusPtrit and three by Vada (Table 2). Two
QTLs for partial resistance to P. hordei and three QTLs for resistance to P. graminis f. sp.
tritici co-located with QTLs effective to heterologous rusts (Table 2 and Figure 4). Three
chromosomal regions were mapped with LOD scores lower than the LOD threshold but

significant to other rusts (Table 2).

DISCUSSION

“Barley-rust pathosystem” as a model to study the genetics of nonhost resistance

There is a lack of good genetic systems to study the genetic basis of nonhost
resistance. Mutagenesis and transformation are at present the main approach to study the
genetic basis of nonhost resistance in the model plant Arabidopsis thaliana. By mutagenesis
major genes have been demonstrated to be involved in nonhost resistance (Lu et al. 2001;
Wildermuth et al. 2001). A forward genetics approach, however, has the advantage to allow
identification of evolutionary relevant qualitative and quantitative factors that determine the
elicitation of resistance or the degree of suppression of basal defence by host and nonhost
pathogens. However, crossings between host and nonhost species are by definition
interspecific crosses that, if feasible at all, nearly always suffer from sterility, abnormal
growth and poor seed viability and are therefore unsuitable to study the genetics of nonhost

resistance. We therefore make use of the fact that barley is a marginal host to some
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heterologous rust species. Only few, mainly exotic, Hordeum vulgare accessions are at the

seedling stage somewhat susceptible to some grass and cereal rust species (Atienza et al.

2004). This allowed us to develop a barley research line, named “SusPtrit”, in which

susceptibility genes to heterologous rust species were accumulated (Atienza et al. 2004). This

line was used as one of the parents in the presently analyzed mapping population.

Table 2. LOD values of regions on barley chromosomes conferring resistance to 8 different
rusts (LOD value 2.7 and higher is considered as a QTL)

Locations of affecting regions

Rust Species
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Chromosome Position(cM) g a a a2 o a a a 2
Chromosome 1 (7H) 65-75 4.2 1
85-100 8.0 4.4 2
105-110 2.7 1
120-135 50 70 7.0 42 5.0 5
Chromosome 2 (2H) 90-100 3.9° 1
130-140 12.0 5.6 2
Chromosome 3 (3H) 1-20 32 21 22 3
40-60 3.1 1
100-120 3.1 3.8 2
Chromosome 4 (4H) 15-30 2.8 1
Chromosome 5 (1H) 20-35 4.0 1
50-60 11° 1
90-100 3.0 1
110-122 2.8° 1
Chromosome 6 (6H) 50-65 110 57 25 64 55 5
Chromosome 7 (5H) 40-50 4.5 1
120-130 35 6 2
155-170 42% 35 2

Total number of chromosomal 3 3 5 5 7 4 6 3

regions

Regions with LOD values between 2 and 2.7 (highlighted bold) were included only when they were implicated
in resistance to other rust fungi.
®Results for three isolates (collected in the Netherlands, France and Switzerland) identified the same QTLs with
similar LOD scores. We present here the data obtained for the Flamingo isolate
*This QTL was found to be effective to Flamingo and not to the two other isolates.
“The qualitative segregation for hypersensitivity against P. hordei-secalini allowed mapping of this feature by
Joinmap. This demonstrated that the QTL at 50-60 cM on chromosome 5(1H) was responsible for the

hypersensitive reaction.

dQTLs with resistance allele contributed by SusPtrit
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Figure 4. Locations of QTLs mapped for host and nonhost resistance to eight rust species and isolates

in barley mapping population Vada x SusPtrit (P.trit. =P. triticina Flamingo isolate, P.pers.

=P.

persistens, P.hor. = P. hordei, P.hr.sec. = P. hordei-secalini, P.hr.mur. =P. hordei-murini, P.gr.trt. =
P.graminis f. sp. tritici, P.gr.lol= P. graminis f. sp. lolii, P.tr.duri=P. tirticina from T. durum). QTL
bars indicate approximate position of two LOD support intervals and the ruler at the left margin shows
the distance in centiMorgans. QTLs effective to host pathogens are highlighted bold
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Genetics of nonhost resistance

In total 18 chromosomal regions segregated for resistance in the studied mapping
population of which eleven were significantly effective to only one rust species. These
regions were spread all over the genome, but tended to map especially to chromosomes 1
(7H) and chromosome 5 (1H) (both four regions), and least to chromosome 4 (4H) (1 region).
Two regions, one at the bottom of chromosome 1 (125-140 cM) and another at the
centromeric region of chromosome 6 (50-65 cM) showed multiple effects to five and four rust
species respectively (Figure 4). Effects to two or more rust species can either be due to close
linkage of genes or to pleiotropy. Basal resistance to heterologous pathogens has also been
reported to inherit polygenically in wild lettuce (Lactuca saligna) which is nonhost to Bremia
lactucae (Jeuken and Lindhout 2002). Previous evidence already suggested that nonhost
resistance of barley is due to additive effects of genes with effectiveness to several
heterologous rusts, and to genes with a rust species specific effect (Hoogkamp et al. 1998;
Atienza et al. 2004). The present research indicates that also linkage between rust specific

genes may have contributed to an apparent wide spectrum of effectiveness.

Reliability of QTL mapping

In order to evaluate the reliability of QTL detection we performed three replications for
disease test experiments and compared QTLs detected in each replication. Only repeated
detection of QTLs was considered as reliable. One QTL for P. persistens (LOD value 2.9)
only occurred in one replication and therefore was not included. Four QTLs effective to
different isolates of P. triticina (Table 2) were mapped nine times (three isolate x three
replications) at identical positions indicative of a high repeatability of QTL analysis. In
addition, for each rust species we used three parameters (IF, FVIS and RIF) to estimate
resistance of RILs and we mapped the same QTLs for all three parameters with only some
small changes in LOD values. For all the mapped QTLs the parental provenance of the
resistance allele was as expected, i.e. from Vada, except in case of P. graminis f. sp. lolii
where transgression occurred. This lends confidence that the QTLs found are not due to

random experimental errors.

Host and nonhost resistance: Possible associations in mechanisms and genetics
Heterologous rust fungi that are pathogenic to Gramineae are generally well able to

find and penetrate stomata on nonhost grass and cereal species (Niks 1986b) but usually are

hardly able to form haustoria (Niks 1983; 1986b ; Niks and Rubiales 2002). It is likely that
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prevention of haustorium formation, which is associated with papilla formation, is indicative
for lack of basic-compatibility (Panstruga 2003). Niks (1989) showed that the heterologous
rye leaf rust fungus P. recondita could form haustoria in barley mesophyll cells only when P.
hordei had already formed a haustorium in that cell. This suggests that pathogens should
suppress innate immunity, as put forward by Mellersh & Heath (2001). Also in some host
genotypes haustorium formation by its own regular pathogen can be relatively poor. P.
hordei is much more successful in formation of haustoria in the susceptible line L94 than in
the cultivar Vada (Niks 1983; 1986a). Interestingly, there seemed to be a moderate
association between level of partial resistance to P. hordei and level of resistance to two
heterologous rust fungi (Hoogkamp et al. 1998; Zhang et al. 1994). In the present study two
QTLs (out of three) for partial resistance to P. hordei and three QTLs (out of five) for P.
graminis f. sp. tritici showed double/multiple effectiveness to some heterologous rust species
(Table 2; Figure 4) suggesting a genetic association between host and nonhost resistance in
barley, both acting at the level of basic-compatibility and its complementary phenomenon,
basal resistance.

Our data suggest that R-genes may also contribute to nonhost resistance. The R-gene
that we mapped on chromosome 5(1H) for P. hordei-secalini showed similarities in its
phenotype (HR reaction) and the genetics (monogenic inheritance) with the R-genes, named
Rph, in barley to P. hordei that cause a posthaustorial hypersensitive response. Remarkably,
in that region no Rph genes to P. hordei have been reported. In some barley germplasm
accessions (Atienza et al. 2004) many visible infection sites were found after inoculation with
heterologous rust species, suggesting a fair colonisation, and hence a relatively successful
haustorium formation, but followed by HR. These accessions may contain a relatively low
gene dose for basal resistance, but may harbour a back-up resistance through one or more R-
genes like the gene that VVada possesses against P. hordei-secalini. We will address the role of

R-genes in nonhost resistance in a future study.

Evolutionary perspective of innate immunity in barley

Adaptation of biotrophic pathogens to a restricted number of host species can be
regarded as a consequence of the co-evolution of these pathogens with their host plant species
(Thordal-Christensen 2003). Therefore one may wonder about a possible association of
evolutionary distance and host status to a certain potential pathogen. In case the systematic
relationship of a pathogen reflects that of its host, their evolutionary histories may also be

linked (Wyand and Brown 2003). It seems reasonable to assume that a cereal ancestor carried
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some rust species that diverged along with the radiation of various descendant cereal and
grass species. The rust may have specialised on some of the new species, loosing
pathogenicity to some sibling species (Heath 1991). In such an evolutionary radiation,
speciation in the grass family and rusts is likely to take place simultaneously. In that case we
would expect either (1) that plant QTLs determining the feasibility for being a host for a rust
pathogen tend to be effective to taxonomically related rusts, and/or (2) that such QTLs are
effective to rusts that share the same host species.

Seven rust species used in the present study belong to three different groups of rust
fungi of grasses: P. hordei, P. persistens/P. triticina and P. graminis group containing 2, 3
and 2 rust species respectively. Our evidence on such an evolutionary association is
inconclusive. Some QTLs are effective to two closely related rust species (e.g. P. triticina and
P. persistens), others to two rusts that are pathogenic to the same host (e.g. P. triticina and P.
graminis f. sp. tritici). Others however to two less related rust species on less related host
species (e.g. P. hordei and P. persistens). Hence, our data do not confirm a tendency for
QTLs to be effective to rusts that have a close phylogenetic relationship. Our data further
illustrate that evolutionary distance and host status to a certain potential pathogen are not
associated either. For example, the rusts P. allii and P. holci are closely related to P. hordei,
but cannot infect barley, not even the experimental line SusPtrit (Data not presented). Two
moderately related rusts, P. cerinthes-agropyrina and P. persistens both can infect Elytrigia
repens, but only the latter is also able to infect SusPtrit. It is therefore likely that biological
specialisation in biotrophic fungi like rust pathogens of grasses and cereals is influenced by
some other factors such as geographical origin of pathogens as reviewed by Wyand and
Brown (2003).

Possible nature of the QTL genes

The extreme susceptibility of SusPtrit suggests that it is deficient for some key gene(s)
in signal transduction or defence response to rust fungi. However, this barley line is well able
to prevent haustorium formation by rye leaf rust (data not shown) and is also immune to
several other rusts (Atienza et al. 2004). Also, it is unlikely that each heterologous rust elicits
different transduction pathways or defence genes, especially not when the rusts are more or
less related to each other. Although some other scenarios are conceivable, we presume that
the genes at the QTLs described here encode for proteins that play a role as specific and
quantitative recognition factors that should be specifically negated by effectors delivered by

the rust to successfully suppress basal defence. Such a role, but not necessarily their
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molecular identity, could be comparable to that of HR inducing R-genes that interact with

specific AVR factors produced by the pathogens.

MATERIAL AND METHODS

Development of the mapping population

A barley research line that is in the seedling stage fully susceptible to P. triticina and to
some other heterologous rusts, named SusPtrit, (Atienza et al. 2004) was crossed with the
West European cultivar Vada. The latter accession represents “normal” barley which is fully
resistant to heterologous rusts (Atienza et al. 2004) and has several quantitative trait loci
(QTLs) for partial resistance to P. hordei (Qi et al. 1998b). After seven generations of single
seed decent, from 200 F, plants a population of 152 Fg-drived Recombinant Inbred Lines
(RILs) was obtained.

DNA extraction and molecular marker analysis

Genomic DNA of the 152 RILs and the parents (SusPtrit and VVada) was isolated from
fresh leaves according to the CTAB based protocol of (Steward and Via 1993) adjusted for a
96-well format. The AFLP procedure was performed by two step amplification (Vos et al.
1995) with some minor modifications. In this study 25 EcoRI/Msel primer combinations each
with three selective nucleotides and three Pstl/Msel primer combinations with two selective
nucleotides were used to generate the AFLP markers. The scoring of the AFLP products was
based on absence or presence of amplification products. Segregating markers showing
polymorphism between two parents were scored in the mapping population by using Quantar-
Pro software (Keygene, Wageningen, The Netherlands). In addition, the RILs were
genotyped for 12 polymorphic SSR markers.

Linkage analysis and map construction

Linkage analysis was carried out with JoinMap 3.0 (Kyazma B.V. Wageningen, The
Netherlands) and Kosambi’s function was used for map distance calculation. Linkage groups
were assigned to the respective barley chromosomes by morphological markers, SSR markers
and 152 common AFLP markers that had already been mapped (Qi et al. 1998a) in the L94 x

Vada mapping population. In case of ambiguity, the freely available software programme
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RECORD (Van Os et al. 2005) was used to find the most probable order of the loci on the
linkage maps on the basis of recombination events (RECORD software is available online
from Laboratory of Plant Breeding, Wageningen University). A subset of 179 markers was
extracted for use in a skeleton map for QTL mapping. The selection was based on spacing of
the markers at about 5 to 10 cM, and agreement between RECORD and Joinmap results on

their relative position.

Pathogen material

Ten isolates of rust fungi were used in infection studies. P. triticina of bread wheat
(three isolates), P. triticina of durum wheat (labelled for convenience “P. triticina ““duri”), P.
persistens (= P. agropyrina), P. hordei-murini, P. hordei-secalini, and P. graminis f. sp. lolii
were multiplied on their respective host plants (See Atienza et al. 2004). P. hordei (isolate
1.2.1) and P. graminis f. sp. tritici were increased using the susceptible barley line L98 and
wheat cultivar Morocco, respectively. Urediniospores were collected, dried for 2-7 days and

then stored at -80 °C until the time to be used for inoculation.

Phenotyping of the mapping population for resistance to heterologous rust fungi

Seedlings of RILs were grown in boxes (37 x 39 c¢cm) along with both parents and
susceptible host plants. Twelve days after sowing, completely unfolded primary leaves were
placed in horizontal position with the adaxial side facing up, and inoculated with
approximately 10 mg of spores per box (deposition of about 600 urediniospores per cm?)
using a settling tower (Atienza et al. 2004). After inoculation the plants were incubated
overnight in a dew chamber for 10 hours (17-18 °C, 100% relative humidity and without
light) and then transferred to a greenhouse (22 °C day and 18 °C night). Twelve days after
inoculation the level of infection was quantified by estimating the FVIS and two additional
parameters, IF and RIF. The test was performed in three consecutive replications except in
case of P. graminis f. sp. tritici and P. triticina-““duri”> where phenotyping was carried in two
replications.

The quantitative data for each replication and the average of three replications were

used as phenotypic values for QTL mapping.
Phenotyping of the mapping population for resistance to host rust fungi

The RILs were grown as described above and tested for level of partial resistance to P.
hordei (isolate 1.2.1), as described by Qi et al. (1998b). The latency period (LP) of the rust on
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each plant was evaluated by estimating the time (in hours) at which 50% of the ultimate
number of pustules were visible. The relative latency period on seedlings (RLP) was
calculated relative to the LP of L94 plants, as described by Parlevliet (1975). The average
over three replications was considered to reflect the level of partial resistance of each RIL.
For P. graminis f. sp. tritici only 5 mg of spores were used per box. P. graminis f. sp. tritici
often formed large pale green halos around the uredinia and adjacent halos frequently merged.

Therefore, total leaf area covered by these halos was used as parameter for QTL mapping.

Table 3. Rust isolates used in this study

Rust? Host Collections” Location GenBank
accession no.
Puccinia allii Allium porrum MS 165/62 Germany AY187090°
P. allii A. sativum YA8799 Turkey AF511073°
P. bromina Bromus sterilis RN-13 The Netherlands DQ460719
P. cerinthes-agropyrina Elytrigia sp. RN-9 Spain DQ460720
P. coronata f. sp. avenae Avena sativa CDL93MN437  USA AY114290
P. coronata f. sp. lolii Lolium perenne PRC 202 Czech Republic DQ460728
P. graminis. f. sp. lolii Lolium perenne RN-1 The Netherlands DQ460726
P. graminis f. sp. tritici Triticum aestivum CDL 62ND72C USA DQ460725
P. graminis f. sp. tritici Triticum aestivum HUN?® Hungary
P. graminis f. sp. avenae Avena sativa RN-20 Hungary DQ460727
P. holcina Holcus lanatus PRC 159 Czech Republic DQ512999
P. holcina Holcus mollis RN -5 The Netherlands DQ513000
P. hordei isolate 1.2.1 Hordeum vulgare RN-17 The Netherlands DQ460717
P. hordei-murini H. murinum RN-4 The Netherlands DQ460718
P. hordei-murinif H. murinum Aragon Spain
P. hordei-secalini H. secalinum RN-3 France DQ460723
P. persistens Elytrigia repens PRC 227 Ireland DQ460722
P. persistens Elytrigia repens RN-8 The Netherlands DQ460721
P. striiformis f. sp. hordei ~ Hordeum vulgare HSZz0711 USA DQ460729
P. striiformis f. sp. tritici ~ T. aestivum HSZ0718 USA DQ417401°
P. triticina T. aestivum CDLOOLAS87 USA AF511083
P. triticina T. aestivum Flamingo The Netherlands
P. triticina T. aestivum Swiss Switzerland
P. triticina T. aestivum French France
P. triticina- duri T. turgidum ssp. durum  RN-22 Spain DQ460724

Rust isolates used for QTL analysis are highlighted in bold. Remaining isolates were included either to
determine phylogenetic distance of rusts in relation to their host or for increasing of stability of parsimony tree
obtained from analysis of internal transcribed spacer (ITS) sequence data.

®Scientific names of rusts are used as convenient labels and do not reflect necessarily the taxonomic status of the
rusts.

® Prefix designations and sources for collections: CDL;Cereal Disease Laboratory, USDA ARS;

HSZ, L. J. Szabo; RN; Rients Niks; MS, Markus Scholler, Staatliches Museum fur Karlsruhe, Karlsruhe,
Germany; PRC, J. Markova, Charles University, Prague, Czech Republic; YA, Y. Anikster, Institute for Cereal
Crop Improvement, Tel Aviv University, Israel.

Anikster et al. 2004.

C.W. Barnes and L. Szabo, unpublished data

*Kindly provided by Dr. K. Manninger from Plant Protection Institute of Hungarian Academy of Science,
Budapest, Hungary

' Same QTLs were identified for both isolates of P. hordei-murini.
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QTL mapping

The software Map QTL version 5.0 (Kyazma B.V. Wageningen, The Netherlands) was
used to perform QTL mapping. A permutation test was applied to determine the LOD value
for both chromosome-wide and genome-wide significance threshold at level of 5%. By
interval mapping putative QTLs were detected on each set of disease data and were verified
by application of MQM mapping. In the region of putative QTLs the peak markers with the
highest LOD value were selected as co-factors for running Multiple QTL Mapping (MQM)
(Jansen and Stam 1994). Only those QTLs that occurred in three replications and average
were considered as reliable QTLs. Regions that were implicated in resistance at LOD values
2.0 — 2.7 were considered potentially real only when the same chromosomal region reached

significant LOD values with at least one other rust species.

ITS sequences of rust fungi

DNA was extracted from either dried urediniospores collected from infected host
material or from dried infected host leaf tissue as described by Anikster et al. (2004). In some
cases, OminiPrep (Genotech, St. Louis, MO, USA) DNA extraction kit was used instead of
CTAB DNA extraction method. Nuclear ribosomal internal transcribed spacer (ITS) region
and the 5’ end of the large subunit was amplified using PCR and amplification products were
cloned (Anikster et al. 2004). Primer pairs used for amplification were ITS1F (Gardes and
Bruns 1993) and RUST1 (Kropp et al. 1995). DNA sequencing reactions were performed
using a Thermo Sequenase Primer Cycle sequencing kit (GE Healthcare Bio-Sciences Corp.,
Piscataway, NJ, USA) and analyzed on an automated DNA sequencer (LI-COR, Lincoln, NE,
USA). At least three clones were sequenced for each sample and the DNA sequence was
assembled and edited with Sequencer (Gene Codes Corp., Ann Arbor, MI, USA). DNA
sequences were initially aligned using the program CLUSTAL W (Thompson et al 1994) and
then hand edited using the multiple sequence editor in MacVector (version 7.2.3; Accelrys
Inc. San Diego, CA, USA). Approximately 1250 bp of DNA was sequenced for each sample
including the 3’-end of the nuclear ribosomal 18S subunit, the complete ITS region (ITS1,
5.8S and ITS2) and the 5’-end of the 28S subunit providing an aligned sequence of 1367
characters. Variation in the 5 end of the 28S subunit was low and therefore not included in
the phylogenetic analysis. Of the 664 aligned characters analyzed, 510 were constant, 148
were variable and parsimony-informative, and 6 were variable and parsimony-uninformative.
Phylogenetic analysis of the data sets included the complete ITS1, 5.8S and ITS2 region was

carried out using Neighbor Joining and heuristic parsimony program (PAUP version 4.04b10,
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Swofford 2001). Support for the nodes of the trees was determined by analysis of 1,000
bootstrap replicas. Phylogenetic analysis in the present study was performed based on ITS
sequence of 20 rust species and forms (Table 3) from which seven species were applied for
phenotyping of RILs and QTL mapping.
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ABSTRACT

Inheritance studies on the nonhost immunity of plants would normally require
interspecific crosses that suffer from sterility and abnormal segregation. Therefore we
developed the barley — Puccinia rust model system to study by forward genetics the
specificity, number and diversity of genes involved in nonhost immunity. We developed two
mapping populations by crossing line SusPtrit, exceptionally susceptible to heterologous rust
species, with immune barley cultivars Vada and Cebada Capa. These two mapping
populations along with the Oregon Wolfe Barleys population, which showed unexpected
segregation for resistance to heterologous rusts, were phenotyped with four heterologous rust
fungal species. Positions of QTLs conferring nonhost immunity in the three mapping
populations were compared using an integrated consensus map. The results confirmed that
nonhost immunity in barley to heterologous rust species is controlled by QTLs with different
and overlapping specificities, and by occasional contribution of a R-gene for hypersensitivity.
In each population different sets of loci were implicated in resistance, with very few genes in
common between the populations, suggesting a high diversity of genes conferring nonhost
immunity to nonhost pathogens. These loci were significantly associated with QTLs for

partial resistance to the pathogen P. hordei, and also with defense related genes.

Keywords: nonhost immunity, partial resistance, quantitative trait locus (QTL), genetic map,

Hordeum vulgare
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INTRODUCTION

Plants are exposed to a tremendous number of potential pathogens representing a very
wide array of microorganisms. Although plants lack an immune system similar to mammals,
susceptibility to a plant pathogen is obviously more exception than rule. Plants have evolved a
sophisticated innate immunity network to recognize and react to potential pathogens. The
genetic basis of innate immunity in plants, in particular to non-adapted (=nonhost, called here
“heterologous”) pathogens, is one of the most intriguing aspects to be elucidated in the field of
plant genetics but is very hard to study, since it typically requires interspecific crosses between
host and nonhost species. Progeny from such crosses, if feasible at all, normally suffer from
sterility and abnormal segregation, hampering identification of individual genetic factors.
Immunity network in plants, including basal defense, nonhost resistance and gene-for-gene
resistance, hamper potential pathogens to colonize and use a plant as a nutrition source.
Suppression of plant defense seems to be a key step in pathogenesis (NOMURA et al. 2005;
MENDGEN and HAHN 2002). Only pathogens that have evolved the ability to suppress the
defense responses of a plant will be able to take up residence (D WIT 2002). The crucial role
of suppression has been demonstrated in particular for rust and powdery mildew pathogens that
form long-term biotrophic relationships with their host plants and for plant pathogenic bacteria
(MELLERSH and HEATH, 2001; PANSTRUGA 2003; HoLUB and COOPER 2004). One of the
exciting discoveries in plant biology during the latest decade was the role and function of
bacterial effector proteins to suppress basal defense in plants. The main output of basal defense
of plants to bacteria is localized callose deposition in the plant cell wall (GoMEz-GOMEZ et al.
1999; BrROwWN et al. 1998). Callose deposition has been shown to be suppressed by
Pseudomonas syringae type 11 effectors in Arabidopsis plants (HAuUcK et al. 2003). Also fungi
can suppress host defense by delivery of effectors. Unlike Gram-negative bacteria, no secretion
system has been reported for fungal pathogens to inject effectors in plant cells. In haustorium
forming fungi like rust and powdery mildew, haustoria may have a role in delivering effectors
into the plant intercellular space (CHisHoLM et al. 2006). Some of these effectors may act as
transcription factors (LAHAYE and BONAS 2001) others may cleave specific cytoplasmic host
proteins (SHAO et al. 2003; COAKER et al. 2005). Recently, in the flax rust fungus
Melampsora lini about 20 haustorial-secreted proteins have been identified (CATANZARITI et
al. 2006). It is therefore conceivable that specific host genes or their products are targeted by
biotrophic pathogens to achieve suppression of defense. Our knowledge about inheritance and

specificity of host genes that are targeted by pathogens to suppress basal defense is negligible,
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mainly due to lack of good systems to study the genetics of nonhost immunity. We recently
proposed the “Barley-Puccinia rust fungus” pathosystem to study the inheritance and
specificity of plant factors in barley targeted by rust fungi to suppress basal defense in barley
(JAFARY et al. 2006). Barley (Hordeum vulgare) is nearly a nonhost to wheat leaf rust,
Puccinia triticina and to some other heterologous rust species. Only few, mainly exotic,
accessions of barley are at the seedling stage somewhat susceptible to those rust species
(ATIENZA et al. 2004). In a previous study we mapped resistance genes in a recombinant
inbred line (RIL) population obtained from a cross between an immune barley line (Vada) and
a research line, named SusPtrit, with exceptional full susceptibility to wheat leaf rust P.
triticina and some other heterologous rust species and formae speciales (ATIENZA et al. 2004;
JAFARY et al. 2006). We showed that nonhost immunity in barley line VVada to heterologous
rust species is controlled by sets of QTLs with different and overlapping specificities, and
occasional contribution of an R-gene for hypersensitivity (JAFARY et al. 2006). Since the large
majority of barley accessions is (nearly) immune to heterologous rust species (ATIENZA et al.
2004) one may wonder whether their immunity is due to the same genes as found in Vada. To
address this question, we developed an additional RIL population from a cross between
susceptible research line SusPtrit and the South American barley line “Cebada Capa”. The
latter accession is like VVada and other regular barley cultivars immune to heterologous rusts
(ATIENZA et al. 2004). In addition, Cebada Capa possesses one major gene (Rph7) for race-
specific HR resistance and several QTLs for non-hypersensitive partial resistance to P. hordei
(PARLEVLIET and VAN OMMEREN 1985; QI et al. 2000). Surprisingly, we found segregation for
resistance to heterologous rust fungi in the commonly used Oregon Wolfe Barleys (OWB)
reference mapping population (CosTA et al. 2001). We aimed to map QTLs involved in
resistance to four heterologous rust species in Cebada Capa x SusPtrit (C x S) and OWB to
compare them with the QTLs identified in Vada x SusPtrit (V x S) (JAFARY et al. 2006). The
availability of three populations segregating for resistance to heterologous rust fungal species
allows addressing the question whether barley accessions commonly share resistance genes to
such heterologous rust species. Mapping the genes involved in nonhost resistance in C x S and
the OWB populations also allows confirmation of the findings reported before in V x S
(JAFARY et al. 2006) on inheritance and specificity of the genes conferring nonhost immunity.
Furthermore, with this extensive data set we were able to test whether the genes involved in
nonhost immunity co-locate with loci for partial resistance of barley to the pathogenic barley
leaf rust fungus (P. hordei) and with defense gene homologue (DGH) loci that possibly play a
role in plant defense (MARCEL et al. 2006).
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MATERIAL AND METHODS

Plant material

A set of Recombinant Inbred Lines (RILs) was obtained from a cross between barley
research line SusPtrit, which is in the seedling stage fully susceptible to several heterologous
rust fungal species (ATIENZA et al. 2004; JAFARY et al. 2006) and immune barley cultivar
Cebada Capa. By single seed descent from 150 F, plants a population of 113 Fe-derived RILS
was obtained. The second mapping population in this study was the doubled-haploid
population (DH) Oregon Wolfe Barleys (OWB; 92 lines), derived from a cross between
parents Dom and Rec (CosTA et al. 2001), kindly provided by Dr. Patrick Hayes of the
Oregon State University.

DNA extraction and genotyping of RIL population

Genomic DNA of the 113 RILs and the parents SusPtrit and Cebada Capa was
extracted from leaf tissue of two-weeks old seedlings according to the CTAB based protocol
of STEWARD and VIA (1993) adjusted for a 96-well format. The mapping population was
genotyped using AFLP and SSR markers. The AFLP procedure was performed according to
Vos et al. (1995) with some minor modifications. The EcoRI primer with three selective
nucleotides was labeled with fluorescent near-infrared group (IRD-700 or IRD-800). AFLP
fragments were separated by denaturing polyacrylamide gel (PAGE %5.5 Ready to use Gel
Matrix, KB Plus, Westburg) on a LI-COR 4200 DNA automated sequencer (LI-COR®
Biosciences, Lincoln, NE).

The scoring of the AFLP fragments was based on absence or presence of amplification
products. For scoring of the AFLP fingerprints we used Quantar-Pro software (Key gene,
Wageningen, NL). In the present study 37 EcoRI/Msel primer combinations, each with three
selective nucleotides, were used to generate the AFLP markers. Most of these primer
combinations (25 out of 37) had been used before to generate AFLP markers for construction
of the L94 x Vada (Q1 et al. 1998b), V x S (JAFARY et al. 2006) and L94 x 116-5 maps (QI et
al. 2000). In addition, the C x S population was genotyped for a set of 14 SSR markers. The
PCR product for each SSR was loaded in PAGE and visualized on a LI-COR 4200 DNA
automated sequencer as described before for AFLP markers.

Marker analysis and genetic map construction
Marker data of the C x S population were analyzed with JoinMap® 3.0 (VAN OOLJEN
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and VOoRRIPS 2001). Map distances were calculated using Kosambi’s function. Linkage
groups were assigned to the respective barley chromosomes by SSR markers and AFLP
markers that had already been mapped in the L94 x Vada (QI et al. 1998b) and the V x S
(JAFARY et al. 2006) mapping populations. In addition, the most probable order of loci within
the linkage groups was estimated using the freely available

(http://www.dpw.wau.nl/pv/index.htm) software programme RECORD (VAN Os et al. 2005).

A set of 159 markers was selected for use in a skeletal map for QTL mapping. The selection
was based on spacing of the markers at about 5 to 10 cM, and agreement between RECORD
and Joinmap results on their relative position.

The marker data set of the OWBs was downloaded from the barley project web site of

Oregon State University (OSU) (http://barleyworld.org/). From 769 markers in the locus

genotype file, a subset of 133 markers was used, as occur in the skeletal map “OWBbase”

downloaded from OSU Barley Project website.

Pathogen materials and phenotyping of the C x S and OWB with heterologous rust
fungi

Urediniospores of four heterologous rusts: P. triticina, P. persistens (old name= P.
agropyrina), P. hordei-murini (Phm) and P. hordei-secalini (Phs) were multiplied on their
appropriate host plants (Table 1). The spores of P. hordei isolate 1.2.1 were multiplied on
susceptible barley line L98. Spores of each rust fungus were collected separately, dried for a
short period (2-7 days) and stored at -80 °C until inoculation. Seedlings of RILs and DHs
were grown in boxes (37 x 39 cm) along with their parents and susceptible host plants. Twelve
days after sowing, the first seedling leaves were fixed in horizontal position, the adaxial side
facing up. The inoculations were carried out with about 600 spores per cm? per box using a
settling tower (ATIENZA et al. 2004). The plants were incubated overnight in a dew chamber
during 10 hours (17-18 °C) at 100% relative humidity and darkness and then transferred to a
greenhouse compartment at about 22/18°C (day/night). Twelve days after inoculation the level
of infection was quantified by two parameters: Visible Infection Sites per cm? (VIS, based on
flecks and sporulating pustules) and Infection Frequency, (IF, based on sporulating pustules
only) (JAFARY et al. 2006).

The disease test was performed in three consecutive replications. The quantitative data
for each replication and the average of the three replications were used as phenotypic values
for QTL mapping. Resistance in OWB to Phs was evaluated in two replications, each on three

seedlings per DH line and to P. persistens in one replication.
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Table 1. Pathogen material used in this study

Rust species/forma Host plant Common name Location

specialis *

P. hordei isolate 1.2.1 Hordeum vulgare barley leaf rust Wageningen, The
Netherlands

P. hordei-murini H. murinum Wall barley leaf rust Sarifiena, Aragon, Spain

P. hordei-secalini H. secalinum Meadow barley leaf rust Mesquer, Loire
Atlantique, France

P. persistens Elytrigia repens  Wheat grass leaf rust Rhenen, Utrecht, The
Netherlands

P. triticina isolate Flamingo Triticum aestivum Wheat leaf rust The Netherlands

*Scientific names of rusts are used as convenient labels and do not reflect necessarily the taxonomic status of
the rusts

Phenotyping C x S and OWB with P. hordei

The RILs were grown as described above and tested for the level of partial resistance to
P. hordei (isolate 1.2.1) using 3 mg spores per plant box resulting in a deposition of about 200
urediniospores per cm? as described by Qi et al. (1998a). The latency period (LP) of the
fungus on each plant was evaluated by estimating the period (in hours) at which 50% of the
ultimate number of pustules became visible. The relative latency period of seedlings (RLP)
was then calculated relative to the LP of L94 plants, where L94 was set at 100, as described
by PARLEVLIET (1975). Three plants per RIL were tested in three consecutive replications and
the average over three seedlings was considered to reflect the level of partial resistance for
each line and parents. Phenotyping data for P. hordei in OWB were obtained from MARCEL
et al. (2006).

QTL mapping

QTL analysis in both RIL and DH populations were performed by using Map QTL
software (VAN O0I1JEN 2004). In order to map QTLs for resistance to each rust species, interval
mapping was performed for both IF and VIS traits in all replications and the average
separately. The QTL mapping procedure was followed by automatic co-factor selection, MQM
and restricted MQM mapping (JANSEN and STAM 1994; VAN Oo1EN 1999). Significance LOD
thresholds at level of 5% for each trait were obtained by running a permutation test on data
sets. In a previous study, the QTLs for partial resistance to P. hordei present in Cebada Capa
had been mapped by Qi et al. (2000). They used line 116-5 as partially resistant line. This line
was derived from a cross between L94 and Cebada Capa, followed by elimination of Rph7

from the background of Cebada Capa by selection against hypersensitive resistance, but
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selection for high level of partial resistance. The study by Qi et al. (2000) provides information
on the location of the quantitative genes for resistance of Cebada Capa to P. hordei and the

results were used to compare with those mapped in the present study.

Comparison of QTL positions using an integrated consensus map

In order to compare the distribution of QTLs for nonhost resistance and to find possible
overlapping QTLs mapped in the three different populations, we used a recently developed
integrated map of barley (MARCEL et al. 2006). This high-density map has been constructed
based on six mapping populations, of which three were used in the present (OWB, C x S) or
previous study (V x S; JAFARY et al. 2006). The consensus map contains 3,258 markers
spanning 1,081 centiMorgans (cM) with an average distance between two adjacent loci of
0.33 cM and the map has been divided into 210 BINs of about 5 cM each. In addition, sixty-
three defense gene homologous (DGHs) have been located into the BINs (MARCEL et al.
2006). MARCEL et al. (2006) further placed 19 QTLs contributing to partial resistance of
barley to the pathogen P. hordei on their consensus map. Therefore, placement of the QTLs
for nonhost resistance identified in the three populations on the consensus map allowed us (1)
to compare the QTL positions between the three populations, (2) to find a possible association
between nonhost resistance and partial resistance to P. hordei, and (3) to find a possible
association between the QTLs for nonhost resistance with DGHs.

Coincidence of QTLs for nonhost immunity and DGHs on the consensus map was
analyzed by counting the BINSs that were occupied by QTLs and DGHs. BINs encompassing
the corresponding peak marker of a QTL or molecular marker(s) derived from a DGH(s) were
considered as occupied BINs. A chi-square test was applied to test the null hypothesis
assuming independent distribution of BINs occupied with a QTL and BINs occupied with a
DGH(s). In the same way we determined whether loci for quantitative resistance to

heterologous rust fungi tended to coincide with loci for partial resistance to P. hordei.

RESULTS

Construction of the genetic map

The genetic map of the C x S contained 502 markers (AFLP, SSR and one
morphological marker). The order and relative positions of 12 SSR markers and 158 common
AFLP markers in the present map were consistent with those on previously published maps
(RAMSAY et al. 20001; Liu et al. 1996; Qi et al. 1998b; JAFARY et al. 2006). The extracted
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skeletal map for QTL analysis comprised 159 markers, spanned 1132 cM with an average
interval between two consecutive markers of 7 cM and a linkage group length varying
between 199 cM for chromosome 2(2H) and 127 cM for chromosome 4 (4H). The complete
data set of the mapping population has recently been submitted to GrainGenes

(http://wheat.pw.usda.gov).

Phenotyping and QTL mapping in C x S population

The mapping population C x S showed a quantitative segregation for the level of
resistance to P. triticina, P. persistens, Phm and Phs (FigurelB - E). In none of these cases
the resistance was based on a macroscopically visible hypersensitive reaction. Visible
infection sites that failed to develop into sporulating pustules were pale green as immature
colonies. Cebada Capa was almost immune and SusPtrit the most susceptible accession. The
continuous and quantitative segregation for the levels of infection to four heterologous rust
fungi indicates polygenic inheritance of resistance. The traits IF and VIS gave for all rust
fungi very similar mapping results, although for three heterologous rusts (Phm, Phs and P.
triticina) VIS resulted in one additional “minor” QTL. We present here the mapping data
obtained from VIS. To each heterologous rust species, four or five QTLs were identified
(Table 2). Most of these QTLs (six out of ten) were effective to only one rust species, but
some association occurred. One QTL on chromosome 3(3H) was effective to all four
heterologous rust fungi with identical peak marker. Support intervals of another QTL on
chromosome 4(4H) overlapped for those rusts.

There was very strong and positive correlation between quantitative data obtained for
the VIS (r=0.92) and the IF (r=0.82) in case of Phs and Phm and therefore not surprisingly
three chromosomal regions were found to affect both Phs and Phm (Table 2). This may
suggest genes with dual effectiveness to both rusts, or close linkage of genes, each with a rust
species specific effect. For all heterologous rust fungi, the resistance alleles originated from
Cebada Capa. For P. hordei 61% of the RILs showed a hypersensitive reaction due to
segregation of the Rph7 resistance allele of Cebada Capa. The segregation ratio for HR
phenotype deviated significantly from the expected 1:1 ratio (p=0.05). The remaining 44 RILs
varied quantitatively in level of partial resistance (PR) to P. hordei between the parental
values, indicating that only Cebada Capa contributed alleles for resistance (Figure 1A). This
low number of RILs was insufficient to reliably map the QTLs for partial resistance to P.
hordei. QI et al. (2000) mapped three Cebada Capa derived QTLs for partial resistance in L94
x 116-5, of which one with the highest LOD value on chromosome 2 (2H), was confirmed in
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the present C x S population (Table 2).
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Figure 1. Frequency distribution of phenotypes for resistance to five rust species in barley mapping
population Cebada Capa x SusPtrit. Values of the two parental lines are shown by arrow. For
Puccinia hordei, the RLP of Cebada Capa was not measurable due to the hypersensitivity reaction.

A) P. hordei B) P. triticina  C) P. persistens D) P. hordei-murini

E) P. hordei-secalini

Phenotyping and QTL mapping in OWB population

Resistance to P. triticina and P. persistens segregated quantitatively in the OWB
population, without obvious HR. The frequency distribution of the RILs for the quantitative
traits (IF and VIS) was approximately normally distributed (Figure 2A and D). The two
parents had a similar intermediate resistance level to P. triticina, but differed strongly for P.
persistens, Rec being immune and Dom being fully susceptible (Figure 2A and D). This
indicates a rust specific effect of the underlying genes. Segregation for resistance to Phs and
Phm was both quantitative and qualitative. Fifty-two (57 %) of the DHs exhibited HR to Phm
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and Phs. This reaction showed as chlorotic spots, extensive chlorosis, or small, brown
necrotic flecks occasionally with small pustules (Figure 3C). All DHs showing HR to Phm
also showed HR to Phs. The major gene for HR reaction originated from parent Rec and was
mapped by Joinmap to the short arm of chromosome 5(1H) (56 cM) (Figure 3D). The position
of this gene is similar to that of an R-gene in the V x S population conferring HR to Phs
(JAFARY et al. 2006). These data suggest involvement of one R-gene or of a R-gene cluster
that is effective to both heterologous rust fungi. The 40 DHs without the hypersensitivity gene
showed various levels of infection (0 -78 pustules per cm?) to both rust pathogens, indicating
a segregation for additional genes with quantitative effects. QTL mapping for IF indicated,
not surprisingly, one large-effect QTL with LOD values 18 and 15 for Phs and Phm,
respectively, on the position of the R-gene for hypersensitive resistance (Figure 3A), and one
additional QTL that was either specific to Phs (chromosome 4(4H)or specific to Phm
(chromosome 7(5H) ) (Table 2). The quantitative resistance to Phm and Phs could only be
quantified in 40 of the DH lines that did not carry the R-gene for hypersensitivity. This low

number of lines was probably insufficient to detect all segregating QTLSs.

Comparison of QTLs mapped for resistance in three genetic maps

The QTLs for resistance to the four heterologous rust species and to P. hordei mapped
in C x S and OWB populations (Table 2) were compared with those detected in the V x S
population (JAFARY et al. 2006). The map positions of QTLs in that table do not run exactly
parallel because of the different length of linkage groups in three different maps. Therefore the
integrated consensus map (MARCEL et al. 2006) was used to determine the possible
overlapping in the support intervals of QTLs mapped in the three populations. We considered
QTL regions as the same if their confidence intervals overlapped. Based on the consensus map
(Figure 4) 22 chromosomal regions were involved in resistance to at least one heterologous
rust species of which the vast majority (16) mapped in only one of the three populations. One
QTL for resistance to P. persistens, on chromosome 6(6H), segregated in all three populations
and five QTLs overlapped in two populations, including the R-gene on chromosome 5(1H)
(Figure 4). This suggests that the resistance to heterologous rusts of Cebada Capa, VVada and in
the OWB population is due to surprisingly different sets of genes. In the C x S population
immunity to each rust species is controlled by 4 to 5 QTLs while in OWB both a major gene
with strong qualitative effect and minor genes are involved in nonhost immunity.

In the C x S population ten QTLs contributed in resistance to four heterologous rusts of
which two were effective to all four heterologous rusts and five were specifically effective to
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one rust species. In 'V x S out of 12 QTLs implicated in nonhost immunity, 8 QTLs were
significantly effective to only one rust species and none of them was effective to all four rusts
(JAFARY et al. 2006). In OWB in total 7 QTLs were involved in nonhost immunity of which
only one region, corresponding to the position of the R-gene on chromosome 5, was effective
to two rusts species and the remaining were effective to only one rust species. The QTLs

mapped in C x S tended to be less rust species specific than those mapped in V x S and OWB.

Table 2. Summary of QTLs conferring resistance to four heterologous rust species and partial
resistance to P. hordei at the seedling development stage in three barley mapping populations

Rust species  Cebada Capa X SusPtrit Vada X SusPtrit Oregon Wolfe
Chr. cM? LOD Chr. cM LOD Chr. cM LOD
1(7H)  35-50 5.0 1(7H) 85-100 8.0 2(2H) 50-70 5.0
3(3H) 50-75 3.1 1(7H)  125-140 7.0 2(2H) 150-165 6.5
P. triticina 3(3H)  130-145 11.7 3(3H) 110-128 3.8
4(4H)  35-50 4.2 2(2H) 80-100 3.9
6(6H)  70-80 3.8 6(6H)  50-65 11.0

2(2H)  0-15 60  1(7H) 125140 50 °5(1H) 4565  14.6

3(3H) 130-145 65  3(3H) 40-60 3.1  7(5H) 110-130 4.2
P hor-murini  4(4H) 4060 65  5(1H) 20-35 40

6(6H) 60-75 5.0

6(6H) 113-134 5.0

2(2H)  0-15 75  1(7H) 6575 42 4(4H) 100-120 3
P.hor.-secalini 3(3H)  130-145 3.0  5(1H) 4560  11.0 °5(1H) 45-65  18.0

4(4H) 3353 58  7(5H) 120-130 6.0

A(4H) 95110 2.9

1(7TH)  0-20 50  1(/H) 85100 4.4

1(7H) 6575 41  1(7H) 125-140 4.2

3(3H) 130-145 38  2(2H) 120-140 5.6

6(6H) 60-75 58  6(6H) 50-65 22 6(6H) 50-70 4.1

4(4H) 2653 80  7(5H) 120-130 32 7(5H) 170-190 11.0
3(3H)  1-20 35

1(7H) 100-110 2.7 2(2H) 50-60 43

2(2H)  100-130 12.0 2(2H) 130-140 121 2(2H) 118134 5.7

bP. hordei 92(2H) 158-172 35  3(3H) 100-120 3.0 3(3H) 3354 4.8
96(6H) 6570  12.8 4(4H) 56-65 3.4

7(5H)  156-163 11.6

®Approximate position (cM) of two LOD support intervals based on the results of restricted MQM mapping
*Data for QTL mapping for P. hordei in the Vada x SusPtrit and OWB population adopted from Jarary et al.
(2006) and MARCEL et al. (2006) respectively.

“Position of R-gene for HR to P. hordei-secalini and P. hordei-murini

¢ QTLs mapped in L94 x 116-5 by Qi et al. (2000) which did not appear in the C x S.

P. persistens

Association of genes for resistance to heterologous rusts with genes for resistance to P.
hordei

The possible association between nonhost resistance and two types of host resistance
(hypersensitive and partial resistance) was investigated in the present study. The major gene for
HR reaction to P. hordei (Rph7) of Cebada Capa was mapped by Joinmap near the top of
chromosome 3(3H) (4cM). None of the QTLs for resistance to heterologous rust species
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coincided with the position of Rph7. This indicates that Rph7 for HR resistance to P. hordei
does not affect infection by heterologous rusts. In the consensus map (MARCEL et al. 2006)
QTLs for partial resistance were indicated as they were mapped in L94 x Vada (Qi et al.
1998a), populations OWB, Steptoe x Morex (both by MARCEL et al. 2006), L94 x 116-5 (by QI
et al. 2000), in V x S (JAFARY et al. 2006) and C x S (present work). The consensus map is
divided into BINs of 5 cM. The numbers of BINs harboring a peak marker of a QTL for
resistance to at least one of the four heterologous rusts mapped in V x S, C x S and OWB, and
a peak marker for a QTL for partial resistance to P. hordei were counted, to test for possible
association between the two traits (Table 3).

One QTL for partial resistance on chromosome 1(7H), Rphg8, mapped in several
populations, and had different peak markers in each population. It therefore occupied two
BINs. Since R-genes are likely to have a separate system, superimposed on the non-
hypersensitive basal resistance, we did not expect a particular association between the R-gene
for nonhost resistance on chromosome 5 (56¢cM) of OWB with the loci for partial resistance on
the integrated map. We therefore excluded that locus from calculation. The Chi-square test
indicated that there
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Figure 2. Frequency distribution of phenotypes for resistance to four heterologous rust species in OWB
mapping population. Values of the two parental lines are shown by arrows.
A) P. triticina  B) P. hordei-murini C) P. hordei-secalini D) P. persistens
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Figure 3. Mapping of an R-gene for hypersensitive resistance (HR) to P. hordei-secalini and P.
hordei-murini in OWB mapping population.

A and B) LOD profiles of QTL (based on interval mapping) on chromosome 5(1H) with the highest
effect to P. hordei-secalini (A) and P. hordei-murini (B). Horizontal and vertical dotted lines show
LOD threshold value and support interval of the QTL, respectively.

C) The HR reaction of OWB (chlorotic spots, extensive chlorosis and small necrotic flecks) to
compare with susceptible reaction (left) of OWB infected with P. hordei-secalini.

D) Position of R-gene conferring HR resistance to both P. hordei-secalini and P. hordei-murini
mapped using Joinmap software on chromosome 5(1H) (56.2 cM) in the support interval of the QTLs
with the highest effect.

Figure 4. (Next page). Locations of QTLs for nonhost immunity, mapped in three individual barley
linkage maps to four heterologous rust species, on a BIN map extracted from a high-density consensus
map of barley (MARCEL et al. 2006). Length of QTL bars corresponds approximately to the two LOD
support intervals (from peak marker) based on the results of rMQM. The parental line contributing the
allele for resistance and the LOD value obtained by rMQM are indicated on the right side of the QTL
bars. Within chromosome bars, regions for which an effect for partial resistance to barley leaf rust was
previously detected (MARCEL et al. 2006) are indicated in black if overlapping with the confidence
intervals of QTL(s) for nonhost immunity presented in this study or in grey if not overlapping. The
name of the QTL for partial resistance (Rphg-) is indicated when its peak marker(s) co-located in the
same BIN as peak marker(s) of QTL(s) for nonhost immunity. The 63 loci in bold are DGH based
markers. The ruler on the left end side of the figure indicates the distance in centiMorgans (according
to Kosambi) from the top of each chromosome.

80



18

Dom_11.0

N

Vada_3.

Rec_4.2

ISSONN —)
60€28Y ——

£9pO8Y ——

$9-8SINTHE ——

06£08V I-

l6£08v ~
0L10dED —|

T8YOaY ——

96v08V ——

SL-SSWzba

8069M

VIILOMING ——

v ISOMN —

T8T-8YINTHd ——

S6TINED ——
SEEISNTY —
161ZOMWN ——

081044 — |
£Ly0aV —

TTSOMN ——

WBT-0PWNTYd —

8TI-SSINSET —1—

20608V ——

+¥Te0ay ——

181-SSNSEd —1—
0€SOM —1

T9NZET —

1dvy —
121-0sWzed ——
S6£08V ——|

9€eAdY —
001IIM —
S0LOgY —

00%-SSINSPT ——

9LTTNED ——

LYT-PSINBET ~
801dAM ]
VI-0Z6DMN ——
€1£98Y ——

wWeN —

(HS)L

91bydy

Lbydy

Vada_2.2

5.8

C.Capa.

Dom_4.1

C.Capa_3.8

Vada_11.0

C.Capa_5.0

C.Capa_5.0

VH89DMINY —

POPINED ——

PLTINED ——

SITISWIId — 1
BOp0oIRwE ——|

V89OMIN ——
oL ——
PE6OMIN ——

mvmmmﬁ
mv:v—n—U./
1290499
LN
wmu.gs:qm/
40,108V
690149 \H
PEIOAED
181-pSINSED
L190S99 \H
PLYOAY ~\ [T
107a8M \]
PO10SHD
SOIAEM
0z008av
osodgD /4
7590889 15
TITINED
69T 19NSEd ——

ALREDAY ——

YTIFISNS T ~|
S07AIM
OLTINED —T7|

£9-SSWEET ——

VZSOOMND ——
10t-19WEEd ——
091-PSWTrd ——

8LEDEY —
VZ-€99OMN ~|_|

907THIM ——
00STOMIN —]

29008V —

(H9)9

Rec_18.0

Rec_14.5

Vada_4.0

19vINEID —

ATEIDMN ——

19208V ——

w0Lo8gY ——

SELOMING ——

LSTOEY —
VIOLOMING ——
A6YIDMING ——
epp109eg —

VFSIH ——

091-19WS¥d ——
LYE-T19NEET ——

Te00detug ——

119 ——
Lesuay —
w0d ~|_|
166044dD —|
T61-0SWLET —T |

T619NS € ——
Teop — |
£5008V ——|

860008 ——

poovVaY ——

LESOMIN ——|
SPOOMIND ——

8£60MN —Jll

SOTAIM
E1-1SNTYd —T7|

PEE-19N6Ed —

(HDS

C.Capa_8.0

C.Capa_4.2

%

C.Capa_6.5

1Aug —

TIE-BSINTYE ~
POIAIM —T|

LIWAH ——

061€08Y ——|

SLI-8ENLET ——

L6£08V ——|

09yt —

122 ——
L9E19NG6ES ——

V61£D8V ——

0SETNED ——

HESPAdE ——|

SOT-PSWLIA
01a9M
vrsadq
LpS0SED
sagd
y8rO8AYV
£0€08V
681-€ENLET —1—]
EXONNAH ——
420ra0d ——|

x0T ——

T89-TEWTHE ——

P6-0¥INTYd ——|

€1£08Y ——
P 1SNSTd ——

T8TTOMN ——

PE9OMN —

HYY

61bydy

g
e
o
g
9}
&)

Vada_3.8

C.Capa_11.7

C.Capa_3.1

C.Capa_3.0

C.Capa_6.5

Vada_3.1

suaysisdad _ - "40Y “q _

uvLI2S-"10Y " m

wioay —A
00TZOMIN =
861£08Y —— <l Lioouao ]
qarxag — o wsiugo rW.
99108V ——| & aam N
© oag[ /M
orupy —H TIOTNED
9€00ad 4 1
M““W N : tos-cecea <]
a 90r1aED | |
_mw.w_mnﬁw A vso1oav |
woevay — LYOINED —H
19108V — oAV I-
or1om —H £L£000 —H
o
#0008V ——| T Losvsweea ——
LYSOMI H_ m Teansy ——
apsiH
T88OMIN —=f
Selog=—r4 £0sOMIN ~_|
I-ECNLET ./
8SITAED 1+
sevay=r| SIBOMIN
1SPOEV 1\
ozeday —— ozy-sseed |\\_|
L810¥ED
£5508Y — i\l
Emwhu - 90ETHED
| < LSTRAED |\\(H
997194 M 0200490
9L108Y —— = £000SED \[7]
691-PSINSET
dILOMN| | | $980S4D \\ -
€EPIAAD =~ 6£7044D
971089D | \o
125-19W8Ed rW. 901d4D [\|_|
=
96£08Y rm. xod
L= & 9zz-19Wzed —|
. A sseoav —{
0E-SSNSEd soraga —|
922-09WzEd —| SEI-19WeEd —=
PSSOMN —— 81£08V —|
H36LOMI
£90144D H
dddLTAH / CH Sl soesyera —H
PLOTINED | 1 n
ELOTINED 5 5 SLIOMIN
INg: A B =
wowad H 1| S arezouan
osz-ghweed — 091-€ENLET ——|
450L0aV —
0098V ——
veleoay —H
L06a08 — VIPSDMIN —5
(HE)E (HOT

Vada_4.2

Vada_4.4

C.Capa_4.1

C.Capa_5.0

pUIYLLY —

D

£S€0UAD —
TeyL ——
LO1TAIM —
T90TOMN ——|

081-PSINSE€d ——

95 10o0wg ——

75908V ——
VI9rDEV ——
901 AIM ——

SLE-BSNEET ——
610940 ——

Vada_7.0
Vada_5.0

£0£08Y ——|
€01dstd ——
H01€£08V ——

969OMIN? ——|

£071ED ~
SIE-SSWSP ]

PPE-0SN9ET

huy
Toragm
SSpOoav

Vada_8.0

1008V
S6£0UID N
19T-PSWEET 5
~e~3—m—0

LO-LEWLLD

Vada

ssoay

TSTINSE ——

vivesy —

8108V ——|

08€DEV ——
9TEINED ——
VISIOEY ——

VIXid - |
POWAH =T

C.Capa_5.0

0zE0av ——|

TLS0SED ~

VSSSOMIN

9700ddD
voLoay -

105-0SNLET —

HY

ebydy

1bydy

91
091
sst

134!
orl
Sel
(U3}

st

S8
08
SL

sS
0s
154
(U4
Se
0¢
ST
0z
St
01

Aunwwi 3soyuou 1oy sausb Jo Ausianlp ybiH



Chapter 4

was a strong significant association between QTLs for heterologous rusts with QTLs for
partial resistance, indicating that genes for both types of resistance encode a similar function
in basal defense or basic compatibility (Table 3).

In total nine BINs harbored a peak marker both for nonhost resistance and a peak
marker for partial resistance. Under the assumption of independent distribution of those QTLS
the expected number of BINs would be 3. Of those nine BINSs, in six cases the resistance
alleles were contributed by the same and in two cases by different barley lines indicating that
mostly pleiotropy and to a lesser extent alternative alleles explain dual effectiveness of QTLS
involved in resistance to host and nonhost pathogens.

Association of QTLs for resistance to heterologous rusts with Defense Gene
Homologue-derived marker loci

The BIN system of the barley consensus map was also used to test for a possible
association between the distribution of loci for nonhost resistance and the distribution of 63
previously mapped DGHs (MARCEL et al. 2006). The peak markers of loci for nonhost
resistance occupied 29 BINs while the DGH derived markers occupied 43 BINs. We only
focused on the basal, non-hypersensitivity class of resistance genes and therefore the R-gene
for HR to Phs and Phm in OWB was excluded. Thirteen BINs were co-occupied by QTL
peak marker(s) and by DGH derived marker(s). Uunder the assumption of independent
distribution the expected number would have been 5.9 (Table 4). We tested by chi-square test
the null hypothesis assuming an independent distribution of BINs occupied by nonhost QTL
peak marker(s) and BINs occupied by DGH marker(s). The null hypothesis was rejected with
a high probability (Table 4) suggesting that there is an association between distribution of the
QTLs and of DGHs over the consensus map of barley and some of DGHs are possibly
responsible for quantified traits for nonhost immunity.

The DGHs identified as candidate genes to explain nonhost resistance in this study
represent 12 genes or gene families (Table 5). Some of them were previously reported as
candidate genes to explain partial resistance to barley leaf rust (MARCEL et al. 2006) while
some other genes were not previously identified: chitinase 2 (3 hits), BAX inhibitor 1 (2 hits),
phenylalanine ammonia-lyase (2 hits), fibrillin-like protein (2 hit), Rarl (1 hit), pathogenesis-
related protein 1.2 (1 hit) and nitrate-induced protein (1 hit). It may imply that some of those
DGHs possibly contribute to nonhost immunity.
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High diversity of genes for nonhost immunity

Table 3. Chi-square test on the probability of independent distribution of QTLs conferring
resistance to heterologous rusts (QTLnh) and QTLs conferring partial resistance to barley leaf rust
(QTLpr) over BINs on the consensus genetic map of barley

Class? Observed results (O) Expected results (E) (O-E)*/E
QTLnh  QTLpr
0 0 169 (181*189)/210 =162.9 0.22
0 1 12 (181*21)/210 =18.1 2.05
1 0 20 (29*189)/210 =26.1 1.42
1 1 9 (29*21)/210 =29 12.83
v =16.52°

a class 0 indicates BINs unoccupied by QTLnh and/or QTLpr and a class 1 indicates
occupied by a QTLnh and/or by a QTLpr
b with a number of degrees of freedom (df) = 3 the null hypothesis is rejected with probability p < 0.005

Table 4. Chi-square test on the probability of independent distribution of QTLs conferring
resistance to heterologous rusts (QTLnh) and DGHSs over BINs on the consensus genetic map of
barley

Class? Observed results (O) Expected results (E) (O-E)?/E
QTLnh DGH
0 0 151 (181*168)/210 =144.8 0.34
0 1 30 (181*42)/210 =36.2 1.34
1 0 16 (29*168)/210 =232 2.16
1 1 13 (29*42)/210 =58 8.39
v$-12.23°

® class 0 indicates BINs unoccupied by QTLnh and/or DGH and a class 1 indicates BINs occupied by a
QTLnh and/or by one to several DGH(s)

® with a number of degrees of freedom (df) = 3 the null hypothesis is rejected with a probability 0.005 < p <
0.01

DISCUSSION

Segregation for near-nonhost resistance in barley

A plant species is called host when all or the majority of accessions are susceptible to
the pathogen. Full nonhost resistance can be defined as immunity displayed by an entire plant
species against all genotypes of a plant pathogen (HEATH 2000). Drawing a discrete line
between host and nonhost status is not always straightforward since some plant species —
pathogen species combinations suggest marginal host or near-nonhost status, when only few
accessions of a plant species are at most moderately susceptible to a heterologous pathogen
(NiIks 1987). It has been shown, for example, that barley is a full host to P. hordei, near-
nonhost to some heterologous rust species and full nonhost to some other rust species like P.
recondita f. sp. recondita of rye (ATIENZA et al. 2004; ZHANG et al. 1994; HOOGKAMP et al.
1998). We found that wild (Hordeum spontaneum), ancient and exotic cultivated barleys,
landraces and accessions of barley with naked seeds have more chance to be somewhat
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susceptible to heterologous rust fungi than modern cultivars (ATIENZA et al. 2004). Since the
parents of the OWB population have been generated by convergent crosses of exotic barley
accessions (CosTA et al. 2001), it was not entirely unexpected that this population segregated
for resistance to heterologous rust fungal species. It is still a challenge to understand why
some ancient cultivated and some wild barley accessions possess susceptibility genes and
what is the co-evolutionary implication of carrying such genes by those accessions. We think
that inheritance studies of near-nonhost resistance are relevant to understand the mechanisms
and the genetics behind full nonhost immunity and to gain insight into the co-evolutionary
aspects of nonhost immunity in plants.

Role of R-genes in nonhost resistance

Our data show that the Rph7 gene for hypersensitive resistance to P. hordei carried by
Cebada Capa does not confer resistance to the other rust species tested here. This confirms
earlier evidence that this gene is not effective to P. triticina (NEu et al. 2003; Niks and
RUBIALES 1994). NiIks and RUBIALES (1994) however reported that in L94 background the
Rph7 gene conferred complete resistance to Phm (1TO on the 0 — 9 scale). They used an isolate
of Phm collected in the Netherlands, whereas our isolate was collected in Aragon, Spain. We
checked both isolates on the near-isogenic line L94-Rph7 and confirmed that the Dutch isolate
is avirulent to Rph7, while the Spanish isolate was moderately virulent. Further investigations
are required to verify this possible isolate specificity of resistance in barley to these two
isolates of Phm. In the OWB population we mapped one R-gene on chromosome 5(1H) for
HR reaction to both Phs and Phm and not to P. hordei. Phs and Phm are not closely related
rust fungi: the former belonging to the P. triticina group and the latter to the P. hordei group
(JAFARY et al. 2006). Their respective host species are both in the genus Hordeum, which
may explain the dual effectiveness of this R-gene. Interestingly, in the V x S population we
found one R-gene at about the same position, but that was effective to Phs and not to Phm nor
to P. hordei. The locus in OWB may carry an allele of the R-gene that is effective to both Phs
and Phm, whereas the allele of VVada is only effective to Phs. Alternatively, the locus may be a
cluster of homologous genes, of which one is effective to Phs (in Vada as well as OWB), but
another only present in OWB to Phm. It is intriguing that cultivated barley, including a
modern cultivar like *Vada’, carries an effective R-gene against a rust species (Phs) that is not
pathogenic to cultivated barley, and hence is very unlikely to be selected for by breeders. Our
data suggest that occasionally R-genes with qualitative effects may contribute to nonhost

immunity in barley to heterologous rust fungi.
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High diversity of genes for nonhost immunity

Specificity of QTLs involved in nonhost immunity and partial resistance

One R-gene for nonhost resistance in OWB and three QTLs in C x S were effective to
both Phm and Phs. These data show that there is an association in genetics of resistance to
Phm and Phs in both OWB and the C x S populations and suggest that the relationship
between hosts (both Hordeum) is more important than the relationship between rust
pathogens. This may imply that the host plants determine to a greater degree the quality of
effectors that a pathogenic rust fungus produces than the taxonomic position of the rust.
However, our data from the V x S did not support this hypothesis since in that population
three QTLs confer resistance to only Phm while combination of one major gene and two
QTLs are involved in resistance to Phs and none of the QTLs of Vada are effective to both
rust fungi (JAFARY et al. 2006). We checked the QTLs with dual effects in the consensus map
(Figure 4) and found that two combinations, Phs/Phm and P. triticina/P. persistens, occurred
more frequently than the others. In the former combination two host plants are
phylogenetically closely related and in the latter combination two rusts pathogens are
phylogenetically closely related (JAFARY et al. 2006). In all three populations some QTLS
showed effectiveness to more than one rust fungus which can either be due to close linkage of
genes or to pleiotropy. However, in all three populations rust species specificity is the
predominant characteristic of QTLs contributing to nonhost immunity in barley. The
significant association between loci for partial resistance to P. hordei and the QTLs for
resistance to heterologous rusts (Table 3) confirms earlier evidence that these two traits are
associated with each other (NIKS 1983a; ZHANG et al. 1994; HooGKAMP et al. 1998). Indeed,
both are based on reduced haustorium formation by the rust, without substantial
hypersensitivity (NIKS 1983 a and b). Therefore we presume that genes governing partial
resistance to P. hordei play similar roles in basal resistance as genes for resistance to

heterologous rusts.

Diversity of loci carrying nonhost resistance

In Vada QTLs for heterologous rusts tended to be located most commonly on
chromosomes 1(7H), 3(3H), 5(1H) and the least on chromosome 4(4H). The QTLs in Cebada
Capa, however, were located most on chromosome 4(4H), and none of them was mapped on
chromosome 5(1H). This emphasized that the QTLs in Vada are mostly different from those
in Cebada Capa. It is remarkable that QTLs mapped for nonhost resistance are very diverse in
the three different mapping populations. This reminds the differential expression of resistance
QTLs to host pathogens which has been reported by BILGIC et al. (2005). They found that
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quantitative resistance alleles in barley to Spot blotch, caused by Cochliobolus sativus, may
appear in different map positions in three different populations while all populations share the
same resistant parent. They could rule out the possible effects of epistasis between resistance
loci and QTL x environment interactions but they could not elaborate a plausible hypothesis
to this apparent inconsistency. In our study, we presume the susceptibility alleles in SusPtrit
to be the peculiar alleles. We expected those susceptibility alleles to appear in any cross
between SusPtrit with any immune barley. The differential expression of QTLs might be due
to unknown causes, as in the work of BILGIC et al. (2005). Alternatively, immune barleys
may also contain some susceptibility alleles on certain QTLs, and therefore will not segregate
for the same QTLs if crossed with SusPtrit. This possibility is consistent with the observation
that crossing exotic barley lines with slight susceptibility to heterologous rusts resulted always
in transgression towards increased susceptibility, leading to the extreme research line SusPtrit
(ATIENZA et al. 2004). Our data suggest that, for example, Vada and Cebada Capa do not
share QTLs for resistance to Phm and Phs (Figure 4). This suggests that crossing both
immune accessions should result in at least some susceptible transgressive offspring.

Our evidence that each barley accession has a different combination of loci carrying
resistance alleles to heterologous rust fungi parallels previous findings on partial resistance of
barley to P. hordei. Q1 et al. (2000) showed that in the cross L94 x 116-5 a different set of
QTLs for partial resistance segregated than in population L94 x Vada, with only one out of
five QTLs coinciding in these two mapping populations. More recently MARCEL et al. (2006)
compared positions of QTLs for partial resistance in five barley mapping populations and
showed that each crossing combination segregated for different sets of QTLs, with only few
QTLs shared by any pair of cultivars. These data suggest that there is an abundance of loci
carrying alleles for partial resistance which is very similar to the abundance of QTLS

governing resistance to heterologous rust fungi.

Role of QTL genes in nonhost immunity

Nonhost resistance is a durable and complete type of resistance in plants and may
encompass passive and active defense responses (NURNBERGER et al. 2004). Innate immunity
includes the active defense response in plants which is initiated by perception of Pathogen-
Associated Molecular Patterns (PAMP) (FELIX et al. 1999; NURNBERGER et al. 2004).
Perception of PAMPs by extra-cellular receptor-like kinases (RLK) activates PAMP-
triggered immunity (PTI) which requires signals through MAP kinase cascades (CHISHOLM et

al. 2006). Immunity of Cebada Capa, Vada and other barley accessions to different
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heterologous rust fungi tested is not likely to be caused by preformed barriers. It is more
likely to be due to genes that are involved in compatibility or resistance as we discussed in our
previous study (JAFARY et al. 2006).

Rust fungi studied here, similar to other microbes, contain PAMPs, which have a critical
function in the life style of the organism (NURNBERGER et al. 2004). PTI therefore is probably
activated in all barley accessions, whether immune like Cebada Capa or susceptible like
SusPtrit, following to perception of PAMPs from rust fungi. This perception should result in
immunity, unless rust fungi deliver appropriate effector proteins that target multiple host
proteins to suppress basal immune responses of the plant. The QTLs mapped here are likely to
be specific host factor genes that are targeted by rust species to suppress basal defense. For
successful pathogenesis, therefore, rust fungi need to recognize and negate these genes to be
able to suppress basal defense. The role of some of the candidate genes that co-located with
QTLs for nonhost resistance (Table 5) is in agreement with our hypothesis. For example the
candidate gene co-located with a QTL for nonhost resistance to P. persistens in three
populations is a homologue of BAX inhibitor 1. These proteins (Bl-1) have been
characterized as suppressors of programmed cell death in mammals and plants (KAWAI et
al.1999; SANCHEZ et al. 2000). In barley BI-1 is a suppressor of nonspecific basal resistance
and is also up-regulated during interaction with the heterologous wheat pathogen Blumeria
graminis f. sp. tritici (EICHMANN et al. 2004). It is the challenge to clone some of the plant
genes underlying the QTL effects in order to understand what plant factors determine the
success or failure of suppression of basal defense of plant cells, and hence the host status of

plants.

ACKNOWLEDGMENTS

Hossein Jafary was financially supported by the Agricultural Research and Education
Organisation (AREO) and Ministry of Science Research and Technology of I.R. of Iran.
Anton Vels is gratefully acknowledged for his technical assistance. We greatly appreciate
Prof. Richard Visser for reading and giving his valuable comments and Dr. Patrick Hayes of

the Oregon State University for providing seeds of the OWB mapping population.

89



Chapter 4

REFERENCES

ATIENZA, S. G., H. JAFARY and R. E. NIKs, 2004 Accumulation of genes for susceptibility to rust
fungi for which barley is nearly a nonhost results in two barley lines with extreme multiple
susceptibility. Planta 220: 71-79.

BILGIC, H., B. STEFFENSON and P. HAYES, 2005 Comprehensive genetic analyses reveal differential
expression of spot blotch resistance in four populations of barley. Theoretical and Applied
Genetics 111: 1238-1250.

BROWN, I., J. TRETHOWAN, M. KERRY, J. MANSFIELD and G. P. BOLWELL, 1998 Localization of
components of the oxidative cross-linking of glycoproteins and of callose synthesis in papillae
formed during the interaction between non-pathogenic strains of Xanthomonas campestris and

French bean mesophyll cells. Plant Journal 15: 333-343.

CATANZARITI, A. M., P. N. DopDSs, G. J. LAWRENCE, M. A. AYLIFFE and J. G. ELLIS, 2006
Haustorially expressed secreted proteins from flax rust are highly enriched for avirulence
elicitors. Plant Cell 18: 243-256.

CHISHOLM, S. T., G. COAKER, B. DAY and B. J. STASKAwICZ, 2006 Host-microbe interactions:

Shaping the evolution of the plant immune response. Cell 124: 803-814.

COAKER, G., A. FALICK and B. STAsKAwICz, 2005 Activation of a phytopathogenic bacterial
effector protein by a eukaryotic cyclophilin. Science 308: 548-550.

COosTA, J. M., A. COREY, P. M. HAYES, C. JOBET, A. KLEINHOFS et al., 2001 Molecular mapping of
the Oregon Wolfe Barleys: a phenotypically polymorphic doubled-haploid population.
Theoretical and Applied Genetics 103: 415-424.

DE WIT, P., 2002 Plant biology - On guard. Nature 416: 801-803.

EICHMANN, R., H. SCHULTHEISS, K. H. KOGEL and R. HUCKELHOVEN, 2004 The barley apoptosis
suppressor homologue bax inhibitor-1 compromises nonhost penetration resistance of barley
to the inappropriate pathogen Blumeria graminis f. sp tritici. Molecular Plant-Microbe
Interactions 17: 484-490.

FELIX, G., J. D. DURAN, S. VOLKO and T. BOLLER, 1999 Plants have a sensitive perception system

90



High diversity of genes for nonhost immunity

for the most conserved domain of bacterial flagellin. Plant Journal 18: 265-276.

GOMEZ-GOMEZ, L., G. FELIX and T. BOLLER, 1999 A single locus determines sensitivity to
bacterial flagellin in Arabidopsis thaliana. Plant Journal 18: 277-284.

HAUCK, P., R. THILMONY and S. Y. HE, 2003 A Pseudomonas syringae type Il effector suppresses
cell wall-based extracellular defense in susceptible Arabidopsis plants. Proceedings of the
National Academy of Sciences of the United States of America 100: 8577-8582.

HEATH, M. C., 2000 Nonhost resistance and nonspecific plant defenses. Current Opinion in Plant
Biology 3: 315-319.

HoLus, E. B., and A. COOPER, 2004 Matrix, reinvention in plants: how genetics is unveiling secrets

of non-host disease resistance. Trends in Plant Science 9: 211-214.

HooGgkAamMP, T. J. H.,, W. Q. CHEN and R. E. NIKsS, 1998 Specificity of prehaustorial resistance to

Puccinia hordei and to two inappropriate rust fungi in barley. Phytopathology 88: 856-861.

JAFARY, H., SzaBO, L., and NIKs, R. E., 2006 Innate nonhost immunity in barley to different
heterologous rust fungi is controlled by sets of resistance genes with different and overlapping

specificities. Molecular Plant- Microbe Interaction. 19: 1270-1279.

JANSEN, R. C., and P. STAM, 1994 High-Resolution of quantitative traits into multiple loci via
interval mapping. Genetics 136: 1447-1455.

KAwaAl, M., L. PAN, J. C. REED and H. UCHIMIYA, 1999 Evolutionally conserved plant homologue
of the Bax Inhibitor-1 (BI-1) gene capable of suppressing Bax-induced cell death in yeast.
Febs Letters 464: 143-147.

LAHAYE, T., and U. BONAS, 2001 Molecular secrets of bacterial type 111 effector proteins. Trends in
Plant Science 6: 479-485.

Liu, Z. W., R. M. BIYASHEV and M. A. S. MAROOF, 1996 Development of simple sequence repeat

DNA markers and their integration into a barley linkage map. Theoretical and Applied
Genetics 93: 869-876.

91



Chapter 4

MARCEL T. C., R. K. V., M. BARBIERI, H. JAFARY M. J. D. DE KoCK, A. GRANER and R. E.
Niks 2006 A high-density consensus map of barley to analyse the distribution of QTLs and
candidate genes for partial resistance to Puccinia hordei, pp177 in Proceeding of 16th Plant

and Animal Genome Conference, San Diego, USA

MELLERSH, D. G., and M. C. HEATH, 2001 Plasma membrane-cell wall adhesion is required for

expression of plant defense responses during fungal penetration. Plant Cell 13: 413-424.

MENDGEN, K., and M. HAHN, 2002 Plant infection and the establishment of fungal biotrophy. Trends
in Plant Science 7: 352-356.

NEu, C., B. KELLER and C. FEUILLET, 2003 Cytological and molecular analysis of the Hordeum
vulgare-Puccinia triticina nonhost interaction. Molecular Plant-Microbe Interactions 16: 626-
633.

NiIKs, R. E., 1983a Comparative histology of partial resistance and the nonhost reaction to leaf rust

pathogens in barley and wheat seedlings. Phytopathology 73: 60-64.

Niks, R. E., 1983b Haustorium formation by Puccinia hordei in leaves of hypersensitive, partially

resistant, and nonhost plant genotypes. Phytopathology 73: 64-66.

NIKs, R. E., 1987 Nonhost plant-species as donors for resistance to pathogens with narrow host range

.1. Determination of nonhost status. Euphytica 36: 841-852.

NIKS, R. E., and D. RUBIALES, 1994 Avirulence factors corresponding to barley genes Pa3 and Pa7
which confer resistance against Puccinia-hordei in rust fungi other than P. hordei.
Physiological and Molecular Plant Pathology 45: 321-331.

NOMURA, K., M. MELOTTO and S. Y. HE, 2005 Suppression of host defense in compatible plant-

Pseudomonas syringae interactions. Current Opinion in Plant Biology 8: 361-368.
NURNBERGER, T., F. BRUNNER, B. KEMMERLING and L. PIATER, 2004 Innate immunity in plants
and animals: striking similarities and obvious differences. Immunological Reviews 198: 249-

266.

PANSTRUGA, R., 2003 Establishing compatibility between plants and obligate biotrophic pathogens.
Current Opinion in Plant Biology 6: 320-326.

92



High diversity of genes for nonhost immunity

PARLEVLIET, J. E., 1975 Partial resistance of barley to leafrust, Puccinia-hordei .1. Effect of cultivar

and development stage on latent period. Euphytica 24: 21-27.

PARLEVLIET, J. E., and A. VAN OMMEREN, 1985 Race-specific effects in major genic and polygenic
resistance of barley to barley leaf rust in the field - Identification and distinction. Euphytica
34: 689-695.

QI, X., R. E. NIKS, P. STAM and P. LINDHOUT, 1998a Identification of QTLs for partial resistance to
leaf rust (Puccinia hordei) in barley. Theoretical and Applied Genetics 96: 1205-1215.

QI, X., P. STAM and P. LINDHOUT, 1998b Use of locus-specific AFLP markers to construct a high-
density molecular map in barley. Theoretical and Applied Genetics 96: 376-384.

Q1, X. Q., F. FUFA, D. SIUTSMA, R. E. NIKS, P. LINDHOUT et al., 2000 The evidence for abundance of
QTLs for partial resistance to Puccinia hordei on the barley genome. Molecular Breeding 6: 1-

9.

RAMSAY, L., M. MACAULAY, S. D. IVANISSEVICH, K. MACLEAN, L. CARDLE et al., 2000 A simple
sequence repeat-based linkage map of barley. Genetics 156: 1997-2005.

SANCHEZ, P., M. D. ZaBALA and M. GRANT, 2000 AtBI-1, a plant homologue of Bax Inhibitor-1,
suppresses Bax-induced cell death in yeast and is rapidly upregulated during wounding and

pathogen challenge. Plant Journal 21: 393-399.

SHAO, F., C. GOLSTEIN, J. ADE, M. STOUTEMYER, J. E. DIXON et al.,, 2003 Cleavage of
Arabidopsis PBS1 by a bacterial type 111 effector. Science 301: 1230-1233.

STEWARD, C. N., and L. E. V1A, 1993 A rapid CTAB DNA isolation technique useful for RAPD
fingerprinting and other PCR applications. Biotechniques 14: 748-750.

VAN OOIJEN, J. W., 1999 LOD significance thresholds for QTL analysis in experimental populations
of diploid species. Heredity 83: 613-624.

VAN OOIJEN, J. W., 2004 MapQTL® 5, software for the mapping of quantitative trait loci in

experimental populations. Kyazma B.V. Wageningen, The Netherlands.

VAN OOIJEN, J. W., and R. E. VOORRIPS, 2001 JoinMap® Version 3.0, Software for the calculation

93



Chapter 4

of genetic linkage maps. Plant Research International Wageningen, The Netherlands.

VAN Os, H., P. STAM, R. G. F. VISSER and H. J. VAN ECK, 2005 RECORD: a novel method for
ordering loci on a genetic linkage map. Theoretical and Applied Genetics 112: 30-40.

Vos, P., R. HOGERS, M. BLEEKER, M. REIJANS, T. VAN DE LEE et al., 1995 AFLP - a new
technique for DNA-fingerprinting. Nucleic Acids Research 23: 4407-4414.

ZHANG, H. S., R. DE LA ROSA, D. RUBIALES, H. H. LUBBERS, J. W. MOLENVELD et al., 1994 Role

of Partial resistance to Puccinia hordei in barley in the defense of barley to inappropriate rust

fungi. Physiological and Molecular Plant Pathology 45: 219-228.

94



CHAPTER 5

The near-nonhost resistance of barley to Puccinia hordei-bulbosi:

mechanisms and genetics of basal resistance

Hossein Jafary and Rients E. Niks



Chapter 5

ABSTRACT

It is one of the intriguing questions in plant biology which factors determine whether a
plant species is a host or a non-host to a particular organism. We developed the barley—
Puccinia rust model system to study the inheritance and mechanisms of nonhost immunity in
barley to heterologous rust fungi. We screened 105 barley accessions in the seedling stage for
resistance to Puccinia hordei-bulbosi, the leaf rust fungus of Hordeum bulbosum. Our data
indicated that only 16% of barley accessions (mainly exotic barleys, landraces and wild
barleys) are in the seedling stage somewhat susceptible to Phb implying that barley is a near-
nonhost to this rust species. Resistance to Phb inherited quantitatively in three mapping
populations: Vada x SusPtrit (VxS; Vada is immune), Cebada Capa x SusPtrit (CxS; Cebada
Capa is immune) and Oregon Wolf Barleys (OWB; Dom x Rec, Dom is immune). QTL
analysis based on macroscopically visible infection sites showed that in each mapping
population a different set of loci is involved in resistance to Phb and only one coincident QTL
was found in VxS and CxS populations. QTL analysis in the VxS population using
microscopic traits, including colony size, early abortion without necrosis and the percentage
of infection units associated with necrotic plant cell(s), showed that each microscopic trait is
under control of a different set of genes implying that near nonhost resistance to Phb is a
multi-component and also multigenic trait. Our data from screening of barley germplasm for
resistance to Phb and results from QTL mapping did not confirm a possible association
between phylogenetic distance of rust fungi and host status or effectiveness of QTLs of barley
to a certain potential pathogen.

Keywords: Nonhost resistance. Hordeum vulgare, Heterologous rust, Puccinia hordei,

Histology.
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INTRODUCTION

Many plant pathogenic organisms can infect only a limited number of plant species,
which are called hosts. It is one of the intriguing questions which factors determine whether a
plant species is a host or a non-host to a given pathogenic organism and which genes are
involved. This question is especially interesting where host and nonhost species are
taxonomically closely related to each other, have very similar leaf morphology and probably
also similar biochemical and nutritive composition. A good case in point is the pathogenic
rust fungi and their host plants. Rust fungi represent a very ancient group of specialized plant
pathogens with extreme host specificity (Anikster and Wahl 1979). Adaptation of rust fungi
to one or a few host species is thought to be a consequence of the co-evolution of rust
pathogens with their host plant species (Heath 1991; Thordal-Christensen 2003). Evidence for
co-evolution of this group of micro-organisms with their host plant specieshas been reviewed
by Anikster and Wahl (1979). Older rust genera, for example, frequently have a narrow host
range while the younger genera show broader host ranges as reported a long time ago for two
old Phragmidium and Gymnosporangium genera (Gaumann 1952). Rust pathogens of cereals
and grasses are the most extensively studied rust fungi because of their economic importance
and world wide distribution. These rust fungi are very specialized to their host plants. Each
rust fungal species or forma specialis typically can infect only one or a few grass or cereal
species, and each gramineous species is exploited by only few rust species. Each gramineous
species is therefore “nonhost” for the majority of potentially pathogenic rust fungi of either
closely or far related plant species. Barley (Hordeum vulgare L.) is fully resistant to Puccinia
recondita, the rye leaf rust pathogen, and many other rust pathogens of grasses, but some
barley lines are in the seedling stage moderately susceptible to P. triticina, P. hordei-murini,
P. hordei-secalini and some other heterologous rust fungi (Niks 1996; Atienza et al. 2004).
Barley can therefore be considered as an “intermediate host species” (=near-nonhost) for
these rust fungi (Niks 1987). Atienza et al. (2004) made use of this near-nonhost status of
barley to develop an extreme research line named “’SusPtrit’” in which susceptibility genes to
P. triticina were accumulated. This line, which showed susceptibility to some other
heterologous rust fungi as well, was crossed with the normal barley lines Vada and Cebada
Capa, which are (near) immune to all heterologous rust, to study the inheritance and
specificity of genes involved in near-nonhost immunity in barley (Jafary et al 2006a and
2006b). In our previous study (Atienza et al. 2004) we found that barley accessions with some

level of susceptibility to one heterologous rust tended to be also somewhat susceptible to one
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or more other heterologous rusts. Similarly, about 22 % of genes for resistance to
heterologous rusts mapped in the Vada x SusPtrit (VxS) population were effective to more
than one rust species (Jafary et al. 2006a). In that study we used seven rust species belonging
to three phylogenetic groups of rust fungi of grasses: P. hordei, P. persistens/P. triticina and
P. graminis, each group containing 2, 3 and 2 rust species respectively. We wondered whether
association of resistance to different rust taxa was due to phylogenetic relation of the rusts or
to phylogenetic relation of their respective host plants, or not due to either. Interesting rust
species in this context were P. hordei-secalini (Phs), which is related to the P. triticina group
but pathogenic to Hordeum secalinum, and P. hordei-murini (Phm), belonging to the P.
hordei group and pathogenic to Hordeum murinum. From the P. hordei group there was only
one heterologous rust species available (Phm). Recently, we obtained the P. hordei-bulbosi
(Phb), a pathogen of Hordeum bulbosum, to which our research line SusPtrit appeared to be
susceptible. This rust is probably a heterologous rust, closely related to P. hordei because the
haploid stage of both P. hordei and Phb is formed on Ornithogalum and the sporophytic
generation of Phb is morphologically indistinguishable from that of P. hordei (Anikster et al.
1971). The objectives of the present study were (1) to quantify the host status of barley to P.
hordei-bulbosi and to determine whether susceptibility to Phb is associated with susceptibility
to other rust species; (2) to compare the genetics of resistance to Phb in three mapping
populations to determine whether genes for resistance to Phb tend to map to the same position
as those for any of the previously studied heterologous rusts or to the pathogenic P. hordei;
(3) to quantify the histological components of resistance in the VxS population, to determine
whether different components of resistance are under control of different genes, and whether

the resistance involves a hypersensitive reaction.

MATERIAL AND METHODS

Plant and pathogen material

A collection of 105 spring barley accessions from different geographic origin (Atienza
et al. 2004) was used in the present study for host range quantification. The set comprised of 5
wild barley (H. vulgare ssp. spontaneum) accessions, 24 landraces from Asia, Africa, Europe,
South America, and USA, four research lines and the remaining accessions were modern and
old cultivars from various continents.

Two recombinant inbred line (RIL) populations and one doubled haploid (DH)

98



Near-nonhost resistance of barley to P. hordei-bulbosi

populations were used for phenotyping. The RIL populations have been developed at
Wageningen University (Wageningen, the Netherlands), and consist of Vada x SusPtrit
(VxS, 152 lines) and Cebada Capa x SusPtrit (CxS, 113 lines) developed by Jafary et al.
(2006a and 2006b). The DH population Oregon Wolfe Barleys, derived from a cross between
parents Dom and Rec (OWB, 92 lines; Costa et al. 2001), has been developed in North
America and is a reference mapping population. Teliospores of P. hordei-bulbosi (Phb) were
collected at Ariel (Israel) and used for inoculation of the secondary host plant (Ornithogalum
eigii). Aeciospores collected from the leaves of the secondary host were used to inoculate H.
bulbosum seedlings and to produce urediniospores (Anikster and Manisterski, personal
communication). These spores were kindly provided to us by Prof Anikster. Several H.
bulbosum accessions obtained from the Centrum voor Genetische Bronnen, Nederland,

Wageningen, (http://www.cgn.wur.nl/UK/CGN+Plant+Genetic+Resources/Collections) were

tested for susceptibility to Phb. Relatively few susceptible accessions were found, and these
were used for spore multiplication. Urediniospores were collected from the inoculated leaves
by a cyclone spore collector, kept in an exsiccator for 2-4 days and stored in a freezer at -80

°C until use for inoculation.

Inoculation and evaluation for resistance

Seeds of 105 barley accessions and RILs/DHs of three mapping populations were sown
in 37 x 39 cm boxes, each box containing about 14 lines (including host species and L94 or
parents of each cross). Each barley accession was represented by at least three seedlings.
When the primary leaves were full-grown (12 days after sowing), the seedlings were fixed in
horizontal position and inoculated with about 10 mg of spores per box (resulting in a
deposition of about 600 urediniospores per cm?) using a settling tower (Jafary et al. 2006a).
After inoculation, plants were incubated in a dew chamber during 10 hours (17-18 °C) at
100% relative humidity and then transferred to a greenhouse compartment at about 22/18°C
(day/night).

Susceptibility of the barley accessions to Phb was quantified by counting the number of
pustules and flecks on the leaves, 12 days after inoculation. The scored values for each of the
105 accessions was converted to susceptibility score (0-5 from immune to fully susceptible),
following Atienza et al. (2004) to summarize the results. Susceptibility of RILs/ DHs of the
three mapping populations was evaluated by counting the frequency of visible infection sites
(VIS; the number of both flecks and pustules per cm?) and infection frequency (IF; the

number of pustules per cm?), following Jafary (2006a). The quantitative data for three
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seedlings and the average were used as phenotypic values for QTL mapping.

Histological analysis

The VxS population was subjected to histological study. Seedlings of 86 RILs and
parents were grown in boxes and inoculated with 5 mg of spores (about 300 spores per cm?).
For each RIL two seedlings were inoculated of which one seedling was sampled for
histological studies 42 hours after inoculation and the second seedling was used for evaluation
of VIS and IF 12 days after inoculation as described earlier. Collected leaf samples for
histology were immediately fixed and cleared by boiling for about two min in a water bath in
lactophenol-ethanol (1:2 v/v). The staining was with Uvitex 2B (Ciba-Geigy) as described by
Rubiales and Niks (1996) and observations were made with a fluorescence microscope (Zeiss
Axiophot, exciter filter BP 395-440, chromatic beam splitter FT 460 nm and barrier filter LP
420) at 400 x magnification.

The leaf segments were screened for 45 to 55 sporelings and classified for stage of
development. Infection units with up to six haustorial mother cells were considered early
aborted (EA, see Niks, 1982), colonies with more haustorial mother cells and more hyphae
were considered established. We measured the diameter of the established colonies by eye-
piece micrometer, measuring along the long axis of the colony, which is mostly parallel to the
long axis of the leaf. Per infection unit we noted whether the fungus was associated with one
or more autofluorescent plant cells that are interpreted as plant cell necrosis (Niks and Kuiper
1983).

Linkage maps and QTL analysis

The molecular marker data for the base maps of VxS (179 markers) and CxS (159
markers) were obtained from our previous studies (Jafary et al. 2006a and 2006b). The marker
data set of the OWBs was downloaded from the barley project web site of Oregon State

University (OSU) (http://barleyworld.org/). From 769 markers in the locus genotype file, a

subset of 133 markers was used as base map “OWBbase” downloaded from the OSU Barley
Project website. QTL analysis in the three mapping populations was performed on IF and VIS
traits. For VxS, three parameters of infection at the microscopical level were also used as
phenotypic traits for QTL analysis, using Map QTL software version 5 (Van Ooijen 2004): %
of early abortion without necrosis (EA-N), % of infection units associated with at least one
necrotic plant cell (%IU+N) and colony size (CS). Interval mapping, automatic co-factor

selection and MQM mapping (Jansen and Stam 1994; Van Ooijen 1999) were applied and the
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significance LOD thresholds at level of 5% for all traits were obtained by running a
permutation test on data sets. LOD profiles for all macroscopic and microscopic traits in VXS
were graphically displayed using MapChart version 2.2 (Voorrips 2006).

A recently developed integrated consensus map (Marcel et al. 2006 ) was used to
compare the position of QTLs mapped for resistance to Phb in the three different
populations. This high-density map has been constructed based on six mapping populations,
including three populations used in this study (OWB, CxS and VxS) and contains 3,258
markers spanning 1,081 centiMorgans (cM) divided into 210 BINs of about 5 cM each
(Marcel et al. 2006).

RESULTS

Host status of barley to Phb

Barley germplasm showed a low degree of susceptibility to P. hordei-bulbosi. The
majority of barley accessions were immune and only 16% of the barley accessions were at
least somewhat susceptible (score values 2 and higher) to the rust fungus (Tablel). This
degree is lower than that for many other heterologous rust fungi. High susceptibility with
more than 100 pustules per leaf occurred in only 5% of the accessions (Tablel). Trigo Biasa,
a landrace from Indonesia and one of the parents of SusPtrit (Atienza et al. 2004), was clearly
the most susceptible accession with about 700 pustules per leaf. Susceptible H. bulbosum
seedlings, which have narrower leaves than barley, had on average 520 pustules per leaf. Wild
barley and landraces were more susceptible to Phb than modern barley lines as observed for
other heterologous rust fungi (Atienza et al. 2004). All accessions that allowed some
reproduction by Phb (scale 2 or higher) were also somewhat susceptible to at least one other

heterologous rust.

The relatively few accessions that were susceptible included one modern USA cultivar
(Lacey) and three older European cultivars. Susceptibility scores (as number of pustules) of
barley accessions to Phb showed the highest correlation with data for P. graminis f.sp. lolii
(r=0.83), P. hordei-murini Cordoba (r=0.69) and P. triticina Flamingo(r=0.59). The highest
correlation between data from P. graminis f. sp. lolii and Phb was due to the high number of
immune barley accessions in common for both rust fungi (Table 1). Remarkably, the
susceptible accessions to P. triticina were also frequently susceptible to Phb except eight
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Japanese and 4 Ethiopian accessions which were somewhat susceptible to P. triticina but not
to Phb. Interestingly, L94, which is extremely susceptible to all tested isolates of P. hordei,
and also relatively susceptible to some heterologous rust species including Phm, and even to
rusts that are not closely related to P. hordei, such as Phs and P. triticina, was completely
resistant to Phb.

Table 1 Percentage of barley accessions per susceptibility scores 0 — 5 for P. hordei-bulbosi to
compare with 6 other heterologous rust species and Puccinia hordei at seedling stage

Susceptibility score?

Pathogen” 0 1 2 3 4 5
P. hordei-bulbosi 83 1 i 3 8 4 1
P. graminis f. sp. lolii 72 0 i 14 11 3 0
P. hordei-murini Cordoba 31 11 E 44 8 6 0
P. hordei-secalini 30 37 i 9 16 7 1
P. triticina Flamingo 55 10 i 19 13 3 0
P. persistens 39 7 i 9 37 8 0
P. recondita f. sp. recondita 100 0 i 0 0 0 0
P. hordei (1.2.1)° 3 0 0 5 66 26

" Data for 6 heterologous rust species and P. hordei adopted from Atienza et al. (2004)
# Susceptibility score (per leaf):

0: Immune or near immune (less than 3 pustules and few flecks)

1: Less than 3 pustules and medium or many flecks

2: 3-10 pustules

3:10-100 pustules

4: More than 100 pustules

5: More than 500 pustules

® Amount of inoculum was three times less than for heterologous rusts

Histological analysis

The morphology of the infection structures of Phb was very similar to that of P. hordei
(Niks 1986) and Phm, and distinct from that of P. triticina, P. persistens and Phs. The
morphology of infection structures is characteristic for the various taxonomic groups of rust
fungi on cereals and grasses (Niks 1986). Also the ITS sequence suggested a close
phylogenetic relationship between Phb, P. hordei and Phm (Szabo, personal communication).
The infection units of Phb were well able to find and penetrate stomata of the barley seedling

leaves, without obvious effects of the plant genotype. We could distinguish early aborted
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infection units (Figurel A,B) with two to about four hyphae and up to six haustorial mother
cells, and established infection units that had formed more and branched hyphae and more
haustorial mother cells (Fig 1D and E). A proportion of the established colonies had only
about seven to about 12 haustorial mother cells and/or few hyphae (Fig 1C). Since haustorial
mother cells often occur in clusters, they are not so easy to count. Therefore, discrimination of
early aborted and established colonies was less straightforward and more subjective than in
barley — P. hordei (Niks 1982 and 1986). Only about 15% of the early aborted infection units
was associated with plant cell autofluorescence (EA+N, Fig 1B), and in all the RILs more EA
units were without than with necrosis. On SusPtrit the proportion of early aborted infection
units without plant cell necrosis (EA-N Fig 1A) was substantial (20 %), but this line had about
the largest average size of established colonies (Table 2). On Vada both components of
infection were indicative for resistance: high early abortion and small average size of
established colonies. The RILs varied considerably for those components (Table 2).

Table 2. Summary of the components of infection of 86 barley RILs by Puccinia hordei-bulbosi and
the two parental lines, SusPtrit and Vada on seedling leaves sampled five days after inoculation.

9% EA-N* 9% EA+N®  Average longest diameter of ~ % infection units associated with

established colonies (um) fluorescent plant cells
SusPtrit 20 1 283 31
Vada 47 13 154 22
Range for 86 0-60 0-20 126 - 281 0-75

RILs

2 Early aborted infection units not associated with auto fluorescent (necrotic) plant cells
b Early aborted infection units associated with auto fluorescent (necrotic) plant cells

The proportion of infection units associated with one or more autofluorescent plant cells
ranged from 0 % to 75 %. This figure includes the relatively few EA+N infection units.
However, this necrosis occurred frequently as only one cell in relatively large established
colonies (Fig 1D), and was not particularly strong in Vada or in RILs with a similar level of
resistance as Vada. This suggests that the necrosis was not a relevant factor explaining the

resistance.
Phenotypic analysis and QTL mapping

The three mapping population showed a quantitative segregation in the level of

resistance to Phb. In none of the three populations the resistance was based on a
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macroscopically visible hypersensitivity. Frequency distributions of phenotypes for VIS in the
three mapping populations are shown in Figure 2. In all three mapping populations the
majority of lines were immune and only a small fraction of RILs/DHs showed some level of
susceptibility (Figure 2). Parental lines in all three mapping populations were at the two
extremes of the range; Cebada Capa, Vada and Dom were immune, SusPtrit and Rec were the

most susceptible accessions. This absence of transgressive segregation suggests that

resistance alleles originated only from one of the parents.

Figure 1. Histology of infection to P. hordei-bulbosi in the VXS population.

Substomatal vesicles are shown with arrow. Some haustorial mother cells are indicated with arrow-
head. Autofluorescent plant cells are shown with the block arrow

A) Early abortion without necrosis (EA-N)  B) Early abortion with necrosis (EA+N)

C) Intermediate established colony with only few haustorial mother cells

D) Established colony with small colony size

E) Established colony with large colony size

In the all three mapping populations two macroscopic traits (IF and VIS) were highly
correlated (r=0.94, 0.85 and 0.84 for VxS, CxS and OWB populations respectively). Different
levels of susceptibility in OWB to Phb are shown in Figure 3. Some of the DHs including the

resistant parent Dom (Figure 3A) occasionally showed also many small pale flecks which did
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not occur in all three tested seedlings and therefore were not taken for counting. In the
susceptible DHs including the susceptible parent Rec the majority of flecks turned into the
pustules 12 days after inoculation, some pustules being surrounded by chlorotic halos (Figure
3F).

The QTLs mapped for two macroscopic traits (VIS and IF) in three mapping
populations and also for three microscopic traits in the VxS population are summarised in
Table 3 and Figure 4. In the VxS population three QTLs mapped for macroscopically visible
infection traits (VIS and IF) with identical flanking markers, but the LOD values were often
higher for VIS than for IF (Figure 4). In this population in total nine QTLs mapped for five
different traits of which one QTL for colony size (CS) was found to affect VIS /IF as well.
This co-incident QTL showed the highest LOD value for both VIS/IF and for CS (Table 3 and
Figure 4). Another QTL for CS co-located with a QTL for EA-N. There was a negative
correlation (r= -0.59) between CS and EA-N implying that that there is an association in

genetics of both components for resistance. However, the correlation between CS and % of

A B c

5 “ C.Capa 3 150 Vada
J 60 | o 8 5 100
z Rec 5 %0 SusPtirt ha SusPtrit
§ 20 v 8 20 v é = v
3 P coCocQooQ Qo coocoOoOo00ooO
£ e2ggBsse TR hp SR8BRR

ot TEN® S TN ®»b
Visible Infection Site (VIS) Visible Infection Site (VIS) Visible Infection Site (VIS)

Figure 2. Frequency distribution of phenotype (VIS) for resistance to P. hordei-bulbosi in three
different populations. Values of the two parental lines are shown by arrows.
A) Oregon Wolfe Barleys B) Cebada Capa x SusPtrit  C) Vada x SusPtrit

A C

Figure 3. Segregation of OWB mapping population for nonhost resistance to P. hordei-bulbosi
Resistant parent (A), quantitative segregation for resistance (B, C, D, E) and susceptible parent (F).
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RILs with larger CS tend to associate more with necrosis than RILs with smaller CS. None of
two QTLs for %IU+N overlapped with QTLs for any of the microscopic and macroscopic
traits. The alleles for the high %I1U+N and EA-N were contributed by both SusPtrit and Vada.
In CxS two QTLs, both with rather high effect on IF and VIS, mapped on chromosomel (7H)
of which one, in 123-133 cM, overlapped with a QTL mapped in the VXS population (Table
3). In OWB three QTLs mapped for resistance of which only one affected both IF and VIS
and the other two either IF or VIS. Two additional chromosomal regions for both VIS and IF
traits had LOD values just below the threshold value (Table 3). None of the QTLs in OWB
overlapped with those mapped in either VXS or CxS. One QTL for resistance to Phb with the
highest LOD value in the VXS and another in the CxS (for both VIS and IF traits) overlapped
with a QTL for P. triticina (Table 3). Out of the nine QTLs mapped for different components
of resistance to Phb in VxS five QTLs coincided with QTLs to P. triticina, P. persistens, Phs
and Phm (Table 3). Only the latter rust belongs to the P. hordei group.

Table 3. Summary of QTLs contributing to nonhost immunity to P. hordei-bulbosi in three barley
mapping populations

Population ~ Chr. cMm? LOD  Threshold® traits’  Bin Number®  Co-location®
1(7H)" 118136 7.3 2.6 VISIIF  7H-11.2 Ptrt/Phm/Pper
5(1H)  45-62 2.9 2.6 VIS/IF  1H-06.2 Phs
6(6H) 103-122 3.1 2.6 VIS/IF  6H-11.2
1(7H) 118-136 12.8 3.0 CS 7H-11.2
2(2H)  97-113 50 3.0 CS  2H-112

VXS 2(2H) 135-150 41 3.0 CS 2H-14.2 Ptrt
7(5H) 133-148 3.8 3.0 CS 5H-12.2 Pper/Phs
2(2H) 97-113 3.0 2.8 EA-N 2H-11.2
7(5H) 26-39 3.2 2.8 EA-N 5H-03.1
4(4H)  95-112 3.0 3.0 %IU+N  4H-10.2
6(6H) 50-67 3.2 3.0 %IU+N  6H-05.2 Ptrt/Pper

CxS 1(7H) 38-60 8.2 2.7 VIS/IF  7H-05.1 Ptrt
1(7H) 123-133 8.0 2.7 VIS/IF  7H-12.1
1(7H)  73-82 2.1 2.3 VIS/IF 7H-07.2
3(3H)  73-88 2.3 23 IF 3H-08.1

OWB 5(1H) 132-139 2.1 2.3 VIS/IF  1H-14.2
6(6H) 97-102 45 2.3 VIS/IF  6H-11.1
7(5H) 85-92 3.2 2.3 VIS 5H-09.2 Phm

®Approximate position (cM) of two LOD support intervals based on the results of MQM mapping on an
integrated consensus map (Marcel et al.2006).

*Threshold values are obtained from permutation test for each data set.

‘For VIS/IF traits, the LOD values are only shown for VIS.

9BIN number reflects the position of peak marker of QTL on the consensus map (Marcel et al. 2006)
*Co-location between QTL for Phb and QTLs mapped for other heterologous rusts species (Jafary et al., 2006b).
"The overlapping QTLs in VxS population between traits are highlighted in bold.
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DISCUSSION

Host status of barley and its evolutionary implications

Our data show that mainly ancient cultivated and wild barley accessions are susceptible
to Phb. These results parallel our previous findings where we quantified the host range of
barley using 19 rust isolates and formae speciales and showed that old barley lines, landraces
and wild barley accessions have more chance to be susceptible to heterologous rust species
than modern barley cultivars (Atienza et al. 2004) . The low level of susceptibility of barley
germplasm (Table 1) implies that barley is a near-nonhost to Phb like it is to some other rust
pathogens, including P. triticina, P. persistens, Phs and Phm.

Biotrophic plant pathogens, and rust fungi in particular, have a very specific and
narrow host range. Basically, changes in the host range of plant pathogens are infrequent,
which is an important indication for the stability of nonhost resistance (Heath 2000; Kamoun
2001). However, during evolution, some pathogens have evolved to breach nonhost defence
mechanisms through the acquisition of virulence factors which enabled them to suppress plant
defence mechanisms and to reproduce on a particular plant species (Neu et al. 2003;
Abramovitch and Martin 2004; Alfano and Collmer 2004). Such plants are considered hosts
that were rendered susceptible to colonization, resulting in a homologous plant—-microbe
interaction and basic compatibility. If suppression of host defence results in susceptibility of
the given plant accessions then one may expect that the basal defence of a plant species that is
phylogenetically related to the host plant of a particular pathogen has more chance to be
suppressed rather than a far-related plant species. H. bulbosum is more closely related to H.
vulgare/H. spontaneum than any other Hordeum species (in our case H. murinum and H.
secalinum). Actually, H. bulbosum is the only Hordeum that can produce true hybrids with H.
vulgare (Pickering et al. 1995). For two other heterologous rust species, Phm and Phs, we
have shown an association in genetics of resistance in both OWB and the CxS populations
suggesting that the relationship between hosts (both are pathogens of a Hordeum species) is
more important than the relationship between rust pathogens (Jafary et al., 2006b). However,
our data from the VxS did not support that hypothesis, since in that population none of the
QTLs of Vada are effective to both rust fungi (Jafary et al. 2006a).

The data from the present study also did not confirm a tendency of barley to be more
susceptible to heterologous rust fungi which are pathogenic to Hordeum species than to rusts
that have hosts belonging to other genera. Remarkably, L94 has complete resistance to Phb,

although it is susceptible to all
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Figure 4. Continued

previously tested isolates of P. hordei, to Phm and even to P. triticina, which is pathogenic to
members of the Triticum genus. One of the objectives of the present study was to find
whether there is an association between resistance in barley to different rust taxa that are
phylogenetically related. Phb is an informative rust in this respect, since the morphology of
the infection structures of Phb and the ITS sequence (Szabo, personal communication)
confirm the close relationship of Phb to Phm and P. hordei.

Our data from screening of barley germplasm inoculated with Phb showed that
interestingly susceptibility to Phb is more correlated with susceptibility to less-related rust
species like P. graminis f.sp. lolii than with susceptibility to Phm which is closely related to
Phb. We also found that barley is more resistant to Phb than to some other rust fungal species
like P. persistens and P. triticina (Table 1), which are not closely related to P. hordei (based
on their ITS sequence). Our results from QTL mapping also did not confirm a possible
association between phylogenetic distance of rust fungi and host status of barley to a certain

potential pathogen. In case of association we would expect that plant QTLs contributing to
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resistance to Phb tend to co-locate predominantly with QTLs for the taxonomically related
rust taxon P. hordei-murini. But our results (Table 3) show that QTLs mapped in barley to
Phb tend to overlap more frequently with QTLs for resistance to less-related rust species, like
P. triticina and P. persistens. This indicates that neither taxonomic relationship between rusts
nor taxonomic relationship between hosts is very relevant to predict the level of host status of

barley.

Specificity and diversity of QTL for resistance to Phb

In the present study we showed that resistance in barley to Phb is governed by QTLs of
which some are effective to several other heterologous rusts species and some specifically
effective to Phb. This confirms our previous finding that nonhost immunity in barley to
different heterologous rust fungi is controlled by sets of resistance genes with different and
overlapping specificities (Jafary et al. 2006a).

Only one QTL in chromosome 1(7H) overlapped in both VxS and CxS populations
(Table3). This finding is in agreement with our previous results where we showed that a high
diversity of genes is involved in nonhost immunity to four heterologous rust species (Jafary et
al. 2006b). The diversity of loci involved in basal non-hypersensitive resistance is an
interesting aspect which has been demonstrated earlier in barley for partial resistance to P.
hordei (Qi et al. 2000) and for quantitative resistance to Spot blotch, caused by Cochliobolus
sativus (Bilgic et al. 2005).

Our findings that QTLs with effect to Phb are not frequently the same as those effective
to closely related rust species, such as Phm, suggest that for any rust species a different set of
genes is involved to lead to nonhost immunity. Our data suggest that there is an abundance of
loci in barley for resistance to Phb like there is for resistance to other heterologous rusts
species (Jafary et al. 2006b).

Mechanisms of near-nonhost resistance in barley to Phb

A combination of macroscopic and microscopic traits was examined in the present
study. Colony size was closely associated with both macroscopic traits (VIS and IF) since a
QTL with the highest effect to colony size overlapped with a QTL for the VIS/IF (Figure 4).
None of the QTLs for EA-N coincided with VIS or IF. This suggests that low VIS and IF is
more due to poor growth and development of established infection units (infection units as
depicted in Fig 1 C, D), than due to poor establishment of infection units (EA, as in Fig 1 A).

This contrasts with the finding that in barley lines with high basal (partial) resistance to the
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homologous P. hordei EA played a more important role in determining IF than “late
abortion”, i.e. abortion after the infection units had established (Niks 1982). The QTLs for
microscopic parameters of infection suggest that EA-N and CS are under separate genetic
control. In the susceptible parent SusPtrit the proportion of EA-N was about 20 % but this line
had the largest average size of established colonies (Table 2). The finding that some QTLs are
affecting EA but not colony size, and other QTLs are responsible for colony size but not EA
is remarkable and implies that EA-N and colony size are not under control of the same genes.
These results are surprising, since observations on basal resistance to P. hordei (Niks
1986) suggested that blocking of haustorium formation is responsible for slow colony growth
(and hence, long latency period) and high EA-N (and hence, low infection frequency).
Percentage of infection units associated with necrotic plant cells (%1U+ N) had no QTL in
common with any other microscopic and macroscopic trait (Table 3). This necrosis occurred
mainly as one or two autofluorescent cells in relatively large established colonies (Fig 1D)
and it did not often encompass all plant cells in the colony area, suggesting that the resistance
of Vada to Phb rust is essentially based on a non-hypersensitive mechanism. This kind of
necrosis was not particularly strong on VVada and the most resistant RILS, suggesting that the
necrosis was not a relevant factor explaining the resistance. Our findings together suggest that
nonhost resistance is a multi-component trait and each component of resistance is controlled
by a specific set of genes. Multigenic inheritance of nonhost resistance is likely to be the most

relevant factor explaining the durability of this type of resistance in nature.
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Chapter 6

Introduction

Our knowledge about the genetics of nonhost immunity is negligible mainly due to lack
of proper model pathosystems. In the past, nonhost immunity to fungal parasites has been
mainly investigated using mutagenesis or examined by cytological and pharmacological
studies. The aim of the research described in this thesis was to develop a new model system
for ongoing studies to understand the genetics, mechanisms and evolutionary aspects of
nonhost immunity in plants to fungal pathogens. In the previous Chapters we showed that
some barley accessions are in the seedling stage somewhat susceptible to heterologous rust
fungi. This provided a unique chance to accumulate genes for susceptibility in a research line.
This line was used successfully to map the plant factors implicated in nonhost immunity to
rust fungi from several taxa and enabled us to study the specificity and diversity of genes
involved in nonhost immunity. In this chapter we will discuss the host status of barley and its
evolutionary implications in nonhost immunity and will illustrate the specificity, diversity,
and possible role and nature of QTLs mapped for resistance to heterologous rust fungi.
Application of our model pathosystem for future studies to investigate the different aspects of

nonhost immunity will also be addressed in this chapter.

Host status of barley and its evolutionary implications in nonhost immunity

The ability of fungal species or races to infect and reproduce on a particular host, or a
group of host plants, is regarded as an example of biological specialization (Wyand and
Brown 2003). This phenomenon is thought to result from a co-evolutionary process between
biothrophic fungi and their host plant species. In Chapters 2 and 5 we showed that barley is
not a regular host for heterologous rust pathogens tested, although some accessions, in
particular wild and old cultivated barleys, allowed heterologous rusts to reproduce to some
extent (Chapter 2). We discussed in Chapter 3 and 4 that quantitative genes which confer
immunity to heterologous rusts probably encode quantitative plant factors. These plant factors
should be specifically neutralized by the rust to successfully suppress host defence. We
showed that these plant factors are very specific (Chapter 3 and 5). It is amazing, if this
“neutralization” is so specific, how a pathogen can at the same time negate the plant factors in
two very distinct plant species. For example Oidium neolycopersici can infect tomato
(Solanaceae) and Arabidopsis (Crucifers) (Xiao et al. 2003). Host-jumping is presumed to be
an evolutionary process that occasionally occurs in some biotrophic plant pathogens such as
powdery mildews (Takamatsu et al. 2000) and Oomycetes (Voglmayr 2003). More recently,

Kiss and his colleagues reported that a powdery mildew fungus (Golovinomyces sp.) can jump
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from Arabidopsis (Cruciferae) even to a far related plant species Torenia fournieri
(Scrophulariaceae) (personal communication). It is interesting that this host-jumping occurred
in a pathogen species that has been shown already to jump relatively easily to new plant
species as part of its evolutionary strategy. It is likely therefore that some rust fungi during co-
evolution acquire virulence factors to overcome or suppress host defences. For extending a
host range with an additional plant species, the pathogen should be able to suppress defence in
that plant species (Nomura et al. 2005) but it is still a challenge to understand how the
virulence systems of pathogens can overcome the innate immunity system of plant species
that are taxonomically far-related to their host plants.

The model pathosystem presented in this work can help to shed light on the nonhost
immunity using inheritance studies. Our studies have revealed several intriguing and puzzling
questions that still remain to be solved including (i) how come that the only fully susceptible
H. vulgare accession to P. hordei-bulbosi (and susceptible to many other heterologous rusts)
is an Indonesian landrace? (ii) how is it possible that modern cultivars like VVada contain an
R-gene to a heterologous rust P. hordei-secalini, for which breeders are unlikely to have
selected for? (iii) susceptibility to different heterologous rusts tends to be associated, like in
the accessions as Trigo Biasa and L94 that are susceptible to several heterologous rust
pathogens (Chapter 2 and Chapter 5). Also selection for SusPtrit and SusPmur resulted in
high susceptibility not only to their target rusts, but also to additional heterologous rusts,
suggesting rust species non-specific factors. How to explain then that the majority of
resistance genes each are effective to only one heterologous rust, even for closely related rusts
like P. hordei-murini (Phm), P. hordei-bulbosi (Phb) and P. hordei (Chapter 3 and 5)?

The role and nature of QTLs mapped in barley for nonhost immunity

In barley — rust and —mildew interactions, the plant cell is the place where either a
compatible or an incompatible interaction occurs. Pathogens in a compatible interaction have
evolved virulence systems to overcome host defence but it is not clear which plant factors are
involved and how they act. Until now mutagenesis, transformation and silencing of genes are
used as tools to reveal key-genes involved in nonhost immunity, but they may play their role
in the transduction pathway and defence, rather than that they explain the success or failure of
suppression of the plant defence by the potential pathogen. Plant pathogenic bacteria e.g.
Pseudomonas syringae contain the type Ill protein secretion system (TTSS) by which they
secrete and probably translocate a large number of virulence effector proteins into the host

cell (Hauck et al. 2003; Kim et al. 2005). It has recently been shown that the suppression of
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basal defence in plants is a major virulence function of TTSS effectors in bacteria (Nomura et
al. 2005). Plant pathogenic bacteria employ diverse strategies to undermine plant defences
and target components of plant immunity including HR-based programmed cell death (PCD),
cell wall-based defences, jasmonic acid (JA) signalling, and the expression of defence genes
as reviewed by Abramovitch and Martin (2004).

The role and function of effectors in plant pathogenic fungi to suppress host defence is
not as well described as in bacteria. Most of the cloned effectors of fungal pathogens are small
proteins with unknown function containing a signal for secretion into the apoplast but it is not
clear how these elicitors can enter into the plant cell and contribute to fungal pathology
(Chisholm et al. 2006). The suppressor from a pea pathogen, Mycosphaerella pinodes,
inhibits both the ATPase activity and the polyphosphoinositide metabolism in plasma
membranes of pea, resulting in suppression of the signal transduction pathway (Shiraishi et al.
1997). It has long been hypothesized that plant pathogenic fungi, particularly rust and
powdery mildew fungi that form long-term biotrophic relationships with their hosts need to
suppress host defence reactions (Mellersh and Heath 2001; Holub and Cooper 2004,
Panstruga 2003) but no secretion system similar to that of bacteria was found in fungi.

Haustoria in rust fungi are special infections structures which differentiate from
haustorium mother cells, through penetration of the plant cell and invagination of the plant
plasmalemma and play a role in acquisition of nutrients from the host. The haustorium is
thought to have some other roles as well: it is supposed to influence the plant cell metabolism
and to suppress defence responses (Voegele and Mendgen 2003), and may induce
rearrangements of the host cell cytoskeleton and plant nuclear migration (Kobayashi et al.
1994; Heath 1997), and may deliver effectors into the plant cytoplasm in order to suppress a
basal defence reaction through interaction with certain pathogenicity targets. Evidence for
such a transport of effectors from the haustorium into the plant cytoplasm was obtained
recently by Catanzariti et al.( 2006). They analysed the haustorially secreted proteins from the
flax rust fungus, Melampsora lini, and characterized 21 secreted proteins. Remarkably, two
secreted effector proteins (AvrP4 and AvrM), were able to induce programmed cell death
when expressed inside the plant cells suggesting their translocation into plant cells during
infection. Effectors are thought to realize suppression of the nonhost immunity that would be
triggered by the PAMPs (see General Introduction), but several of the pathogenicity targets
act also as a cognate R-gene product or are guarded by a R-gene product. Therefore, when the
effector binds to the pathogenicity target, an HR reaction may be initiated (Figurel).

In Chapter 3 we speculated that the genes at the QTLs for nonhost immunity are likely
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to encode proteins that act as pathogenicity targets for the suppression of basal defence. It is
also possible that the QTLs represent different components of a common basal pathway
responding to non-specific elicitors that is suppressed during successful infection. Then the
rust species specificity can be considered as a result of differences in the ability of rust
effectors to influence particular components of that pathway. The hypothetical pathogenicity
targets the QTL genes code for may (1) be resistance factors to contribute to the perception
system, or (2) be compatibility factors, contributing to the success of infection attempts.
Under the first assumption, loss of function of these genes will result in susceptibility and
under the second assumption loss of function will result in resistance. In either case, the
proposed function as pathogenicity target for QTLs is in agreement with the “Minor-gene for
minor-gene” hypothesis proposed by Parlevliet and Zadoks (1977) and implies that there is
not a general suppressor of defence and plant pathogens may have extremely divers effectors.
Probably protein — protein recognition is involved in defence against heterologous rusts,
either upstream at the perception of the PAMPs or at various stages along the signal
transduction and defence pathway. It is however a great challenge to find out which plant
factors determine whether defence is “easy” or “hard” to be suppressed by an attacking rust

fungus.

Genetics of plant immunity

The best characterized type of immunity in plants is based on gene-for-gene interaction
in which specific resistance genes (R-genes) of a host species confer resistance to specific
genotypes of a pathogen. Race specific immunity has a very narrow spectrum of action and
mainly a short-term usefulness under agricultural conditions. Nonhost immunity however is
common, broad spectrum and a durable type of immunity in plants (Heath 2000), but its
genetics is poorly understood. The main characteristics of nonhost immunity pointed out in
this research are as follows:

Gene specificity for nonhost immunity: The common nature and durability of nonhost
immunity might imply that a set of conserved genes with wide action spectrum are involved
in immunity of a plant species to all heterologous pathogens. The results described in Chapter
3, however, show that to each heterologous rust fungus a different set of genes is involved in
bringing about nonhost immunity. Many of the QTLs mapped are rust -species specific and
probably represent specific pathogenicity targets that should to be neutralized by any rust
pathogen. However, assuming such specific plant factors that require specific effectors in the

pathogen, it is remarkable that some biotrophic pathogens such as Oidium neolycopersici can
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have combinations of totally non-related host plants like tomato and Arabidopsis (Xiao et al.
2003).

Our data indicate that in contrast to thier high rust species specificity, the resistance
QTLs are generally effective to several isolates per rust taxon. lIdentical QTLs were mapped
for different isolates of P. triticina in the VXS population (Chapter 3) although one minor
QTL was found to be effective only to the Flamingo isolate and not to others. This

predominantly isolate-non-specific effect of QTLs needs to be corroborated in the near future.
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Figure 1. The Model describing the nature of QTLs mapped for nonhost immunity in this research.
Rust fungi in both compatible (right) and incompatible (left) interaction contain PAMPs which trigger
PAMPs-triggered immunity. This perception can result in immunity (left) unless rust fungi deliver
appropriate effector proteins into the plant cell (right). These effector proteins target multiple
pathogenicity target proteins to suppress basal immune responses of the plant. The QTLs mapped here
are likely to be specific host factor genes that are targeted by rust species to suppress basal defence.
The guard model in the right is depicted as one R-gene product that takes care of one effector protein
that acts as Avr protein of a rust pathogen and may result in HR.

Great diversity of genes for nonhost immunity: The relatively easy accumulation of
susceptibility genes (Chapter 2) is evidence of diversity of genes for nonhost immunity in
barley germplasm. This high diversity was confirmed by the finding that each mapping
population showed segregation for a different set of QTLs to the same rust species (Chapters
4 and 5). This diversity of genes may also occur in other plant species. Mellersh and Heath
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(2003) found that the soybean rust Uromyces vignae could form some haustoria in some
Arabidopsis accessions, and not in others. An interesting possibility would be to intercross
such Arabidopsis accessions to accumulate genes for susceptibility to this heterologous rust,
as we did in barley (Chapter 2).

Evolutionary perspective of nonhost immunity: The high diversity of QTLs in barley
and the high specificity of QTLs are interesting features to develop theories on the co-
evolution between plant and pathogen, to which our study does not provide answers so far.
Our work, however, seems to contradict the theory that pathogen speciation (=formation of
species) followed speciation in the host plant. An associated speciation would lead to the
expectation that the plant QTLs determining the feasibility for being a host for a rust pathogen
tend to be effective to taxonomically related rust species and/or to rusts that are pathogenic to
related host species. Eight rust species used in this thesis belonged to three different groups of
rust fungi of grasses: P. hordei, P. persistens/P. triticina and P. graminis groups containing 3,
3 and 2 rust taxa respectively. We did not find evidence that phylogenetic distance of rust
fungi and/or of their host species were relevant factors determining the spectrum of
effectiveness QTLs for near-nonhost resistance in barley. For P. hordei-murini and P. hordei-
secalini we showed an association in genetics of resistance in both the OWB and the CxS
populations suggesting that the relationship between hosts (both are pathogens of a Hordeum
species) is more important than the relationship between rust pathogens (Chapter 4).
However, in the VXS population we could not find evidence to support that hypothesis
(Chapter 3). The nonhost status of barley and the effectivity spectrum of the QTLs effective to
P. hordei-bulbosi, (Chapter 5) did not indicate relevance of phylogenetic relationship between
heterologous rusts or of their host species either.

Mechanisms of nonhost immunity: There were indications that hypersensitivity
resistance may contribute to the resistance to heterologous rust fungi. In some barley
germplasm accessions many visible flecks but hardly any pustule were found after inoculation
with heterologous rust species (Chapter 2) suggesting a relatively successful haustorium
formation, but followed by HR. In Chapter 3 and 4 we found an R-gene effective to P. hordei-
secalini  with similarities in its phenotype (HR reaction) and its genetics (monogenic
inheritance) with the R-genes, named Rph, in barley to P. hordei that cause a posthaustorial
hypersensitive response. It is not clear whether that R-gene against a nonhost pathogen (P.
hordei-secalini) acts in similar way as Rph genes against P. hordei. Christopher-Kozjan and
Heath (2003) showed that biotrophic fungi trigger different cell death execution processes in
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host and nonhost cells during the hypersensitive response. The extent to which the gene-for-
gene model applies to nonhost immunity is an interesting topic to be investigated.

Resistance to heterologous rusts species was mainly based on non-hypersensitive
mechanisms (without visible HR at least at the macroscopic level). Study of the histology of
infection in the VxS to P. hordei-bulbosi showed that plant cell necrosis was a minor
phenomenon, mainly occurring as necrosis of one or two plant cells in relatively large
colonies. Therefore, the resistance of Vada to P. hordei-bulbosi was not due to
hypersensitivity. Study of the histology of infection in the VxS to P. hordei-bulbosi showed
that for each component of nonhost resistance a different set of genes is implicated. These
findings that some QTLs are affecting early abortion but not colony size, and other QTLs are
responsible for colony size but not for early abortion were remarkable and imply that early
abortion and colony size are not under the same genetic control. These findings suggest that
nonhost resistance is a multi-component trait and each component of resistance is controlled
by a specific set of genes. Multigenic inheritance of nonhost resistance is likely to explain the
durability of this type of resistance in nature.

Association between nonhost immunity and host resistance: Since resistance to
heterologous rusts is based on a different mechanism than post-haustorial hypersensitive
resistance, but a similar mechanism as non-hypersensitive partial resistance (see Chapter 5),
and the genes tend to map (see Chapter 4) to loci known to carry also QTLs for partial
resistance to P. hordei, we presume that QTLs for resistance to heterologous rusts have a
similar evolutionary origin as genes for partial resistance. Hence, understanding any aspect of
partial resistance to the homologous pathogen P. hordei is relevant to understand nonhost
immunity and vice versa. Our data indicate that mostly pleiotropy and to a lesser extent
alternative alleles explain dual effectiveness of QTLs involved in resistance to host and
nonhost pathogens (Chapter 4). Cloning of QTLs will provide more information on the
genetics and mechanistic requirements for both partial resistance and nonhost immunity, and
will also reveal to what extent molecular mechanisms and elements are shared among these

two types of resistance.

Perspective and future use of the barley-Puccinia model system

Nonhost resistance has been a topic of interest to plant pathologists for a long time,
however, during recent years a combination of forward and reverse genetic approaches has
contributed substantially to our current understanding of the genetics and molecular

requirements of nonhost immunity in plants. Recent advances in the genetic dissection of
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nonhost immunity in A. thaliana include discovery of PAMP triggered immunity (PTI) and
effector triggered immunity systems (ETI) in Arabidopsis against P. syringae, and the type IlI
secretion system in bacteria. These findings have helped us in better understanding of the
mechanisms underlying nonhost immunity in plants against bacterial pathogens (Abramovitch
and Martin 2004; Hauck et al. 2003; Kim et al. 2005; Nomura et al. 2005; Chisholm et al.
2006; Jones and Takemoto 2004). However, it is doubtful whether those findings explain the
natural differences in host status between plant species. Therefore the model pathosystem
proposed in this work can give us the hope of dissecting the genetics and mechanisms of
nonhost resistance using different genomic technologies as suggested below.

Fine mapping and cloning of genes for nonhost immunity: In our research we
mapped QTLs which can be subjected to further analysis by fine mapping and possibly map
based cloning. Fine mapping needs construction of special populations with large numbers of
recombination in the region of an identified QTL. Three groups of QTL are interesting; (i)
QTLs that are non-specific and show dual or multiple effectiveness to more than one rust
species (ii) QTLs that are specific to one heterologous pathogen iii) QTLs that are involved in
both partial and nonhost resistance. It is important that candidate QTLs for cloning should
explain a high proportion of the phenotypic variation and are located in high recombination
areas (Kunzel et al. 2000). Cloning of QTLs with above specifications will contribute in our
understanding about the nature and biological function of specific and less specific QTLs,
pleiotropy versus genetic linkage of genes involved in nonhost immunity and partial
resistance to P. hordei and molecular mechanism shared between nonhost and partial
resistance. The selected QTLs can be target for fine mapping, physical mapping and isolation,
and finally for proof of biological function via transformation.

Candidate gene analysis: Map-based positional cloning is mainly used for genes that
inherit according to Mendelian segregation and can be problematic for QTLs due to the
confounding effects of environment and other QTLs on phenotype. Map based cloning may
also be affected by uneven distribution of recombination frequencies over the genome
(Kilnzel et al. 2000). Some genomic regions may even lack recombination over a long
physical distance and are therefore technically unsuitable for map-based cloning. Using a
candidate gene approach can be an alternative way to combine QTL analysis with the
expressed gene sequence data, to associate sequence polymorphisms with phenotypic
variation. In Chapter 4, coincidence of QTLs for nonhost immunity and defence gene
homologues (DGHSs) on the consensus map was analysed by counting the BINs that were
occupied by QTLs and DGHs (Chapter 4, Table 5). The significant association between
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distribution of the QTLs and DGHs over the consensus map of barley suggest that some
DGHs are possibly responsible for nonhost immunity. Examples of such DGHSs are receptor
like kinase and BAX inhibitor 1, which co-located with some QTLs mapped for nonhost
immunity (Chapter 4). Because of their known function, those DGHs can be considered
plausible candidates to play a role in perception of plant pathogens or in suppression of
nonspecific basal resistance.

Gene expression studies: Gene expression in the barley-Puccinia pathosystem can
provide information about the plant defence genes that are activated in nonhost interactions.
In each barley-rust combination that we tested, typically 4-5 QTLs contributed significantly to
immunity. Whether or not each QTL gene is involved in induction of different sets of defence
genes is not clear. QTLs with one and QTLs with combined specificities to heterologous rusts
species can be introduced into the susceptible SusPtrit background using marker-assisted
backcross introgression. The near-isogenic lines can be used to investigate the downstream

genes that are regulated by those QTLs during nonhost interaction.

Concluding remarks

Our investigations show that the barley-Puccinia system is an ideal and unique model to
identify the factors that determine natural variation for (near) nonhost resistance to specialized
pathogens like rusts. There are still many aspects that could be studied more comprehensively,
like the role of R-genes, verification of QTLs in near-isogenic lines and the DNA sequence of
particular QTLs for pre-haustorial resistance. Therefore this model has a lot to offer in the

years to come.
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SUMMARY

The inheritance of nonhost immunity of plants to potential pathogens is notoriously
difficult to study since it requires, by definition, interspecific crosses between a susceptible
host plant species and a resistant nonhost plant species. The barley—Puccinia rust model
system, however, allowed us to determine the specificity, number and diversity of genes
involved in nonhost immunity. We developed an experimental line, SusPtrit, with exceptional
susceptibility to various taxa of heterologous rust fungi, i.e. rust fungi to which the large
majority of barley genotypes are immune. We crossed SusPtrit with regular immune barley
lines to study the inheritance of (near)nonhost immunity. We found a quantitative inheritance
for this trait, requiring a QTL (quantitative trait loci) analysis. In contrast to what might be
expected, nonhost resistance of barley to various heterologous rust species is not due to a few
key-genes with general effectiveness to rust fungi, but to various genes, each with a
considerable level of rust species specificity. Chapter one gives an introduction about innate
immunity, and the molecular and genetic basis of nonhost immunity in plants and describes
the scope of this thesis. In Chapter two, by screening of 109 barley accessions in the seedling
stage, we showed that barley is a complete nonhost against most of the heterologous rust
fungi studied, while it showed an intermediate (near-nonhost) status against P. triticina, P.
persistens, P. hordei-murini, P. hordei-secalini, P. graminis f. sp. lolii and P. coronata ff.
spp. avenae and holci. None of the barley accessions, however, was fully susceptible to any of
the heterologous rust pathogens. Differential interaction between barley accessions and
heterologous rust fungi was found, suggesting the existence of rust species specific resistance.
Some barley accessions tended to be susceptible to several heterologous rusts suggesting that
some resistance genes in barley are effective to more than one heterologous rust fungal
species. By intercrossing and selection, we accumulated genes for susceptibility against P.
triticina and P. hordei-murini in two genotypes called SusPtrit and SusPmur, respectively. At
the seedling stage these accessions were as susceptible as the host species to these rusts. They
also showed high susceptibility to other heterologous rusts. In Chapter three we describe the
construction of a molecular marker map from a cross between the experimental barley line
SusPtrit and the cv Vada that is immune to heterologous rusts, like any normal modern
cultivar. The recombinant inbred line (RIL) population derived from Vada x SusPtrit (152
lines Fg) was exposed to eight rust isolates belonging to five heterologous and two
homologous (host) species of rust fungi. Results showed that to all rusts resistance segregated

guantitatively. By QTL analysis 18 chromosomal regions were implicated, of which eleven
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carried genes that were effective to only one rust species and seven to more than one rust
species, implying genetic linkage or pleiotropy. One R-gene for hypersensitive resistance to
P. hordei-secalini was mapped. Sequencing of the internal transcribed spacers (ITS) allowed
a phylogenetic analysis of the rusts, and did not confirm a tendency of non-specific QTLs to
be effective to rust species that have a close phylogenetic relationship. We suggest that the
QTLs involved in nonhost immunity encode specific and quantitative recognition factors that
are specifically negated by the rust to successfully suppress innate immunity. In Chapter
four we describe the great diversity of genes involved in nonhost immunity. We developed an
additional RIL population from a cross between the susceptible research line SusPtrit and the
resistant South American barley cultivar Cebada Capa. The latter accession is like Vada and
other regular barley cultivars immune to heterologous rusts. Surprisingly, we found
segregation for susceptibility to heterologous rust fungi in the commonly used Oregon Wolfe
Barleys (OWB) reference mapping population. We mapped QTLs involved in resistance to
four heterologous rust species in the Cebada Capa x SusPtrit (C x S) and OWB to compare
them with the QTLs identified in the Vada x SusPtrit population (chapter 3). Positions of
QTLs conferring nonhost immunity in the three mapping populations were compared using an
integrated consensus map. The results confirmed that nonhost immunity in barley to
heterologous rust species is controlled by QTLs with different and overlapping specificities,
and by occasional contribution of an R-gene for hypersensitivity. In each population different
sets of loci were implicated in resistance, with very few genes in common between the
populations, suggesting a high diversity of loci carrying genes for nonhost immunity to
heterologous rust fungi. These loci were significantly associated with QTLs for partial
resistance to the pathogen P. hordei, and also with defence gene homologues (DGH). In
Chapter five we screened of barley accessions in the seedling stage for resistance to P.
hordei-bulbosi, the leaf rust fungus of Hordeum bulbosum. We showed that some barley
accessions (mainly exotic barleys, landraces and wild barleys) are in the seedling stage
somewhat susceptible to Phb implying that barley is a near- nonhost for this rust species. We
studied the genetic basis of resistance to Phb using three different segregating populations:
Vada x SusPtrit (VxS; Vada is immune), Cebada Capa x SusPtrit (CxS; Cebada Capa is
immune) and Oregon Wolf Barleys (OWB; Dom x Rec, Dom is immune). QTL analysis
based on macroscopic visible infection sites showed that in each mapping population a
different set of genes is involved in resistance to Phb and only one QTL overlapped in VxS
and CxS populations. QTL analysis in the VXS population using microscopic traits, including

colony size, early abortion without necrosis and the percentage of infection units associated
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with necrotic plant cell(s), showed that each microscopic trait is under control of a different
set of genes implying that near nonhost resistance to Phb is multi-component trait, each
component regulated by different genes. Plant cell necrosis occurred relatively often
encompassed only one or two plant cells in relatively large colonies. Therefore, the resistance
of Vada to this heterologous rust was essentially based on a non-hypersensitive mechanism.
In Chapter 6 the main results described in this thesis are discussed in a broader perspective.
In this chapter the near-nonhost status in barley to some heterologous rust fungi and its
evolutionary implication in nonhost immunity is discussed. The nature and the possible role
of QTLs mapped for nonhost immunity in suppression of plant defence responses are
highlighted. This chapter also addresses the perspective and future use of the barley-Puccinia

model system to investigate aspects of nonhost resistance to specialised plant pathogens.
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SAMENVATTING

De genetische basis van niet-waard resistentie van planten tegen plantpathogenen is erg
lastig te onderzoeken omdat er, per definitie interspecifieke kruisingen, tussen een vatbare
waardsoort en een resistente niet-waard soort, voor nodig zijn, . Het gerst — Puccinia
roestmodelsysteem maakte het mogelijk de specificiteit, het aantal en de diversiteit te bepalen
van genen die betrokken zijn bij niet-waard resistentie. Eerst ontwikkelden we een gerstlijn,
SusPtrit, met een uitzonderlijke vatbaarheid voor verscheidene soorten en vormen van
heterologe roestschimmels. De overgrote meerderheid van gerstgenotypen zijn volledig
resistent tegen deze roestschimmels. We kruisten SusPtrit met gewone, resistente, gerstlijnen
om de overerving te bestuderen van de (bijna) niet-waard resistentie. De resistentie berustte
op een kwantitatieve overerving, waarvoor een QTL (quantitatieve trait loci) analyse
geéigend is. In tegenstelling tot wat verwacht zou kunnen worden, berustte de niet-waard
resistentie van gerst tegen de verschillende roestschimmelsoorten niet op enkele sleutelgenen
die effectief waren tegen alle heterologe roesten, maar op verschillende genen met meestal
een hoge mate van roestsoort-specificiteit. In hoofdstuk één introduceren we de erfelijke
resistentie (“innate immunity”), en de moleculaire en genetische basis van niet-waard
resistentie in planten. In dat hoofdstuk presenteren we ook het bestek van dit proefschrift. In
hoofdstuk twee worden 109 gerstlijnen in het zaailingstadium getoetst op resistentie tegen
roestschimmels. Daaruit blijkt dat gerst een volledige niet-waard status heeft voor de meeste
heterologe roestschimmels, maar een onvolledige (“bijna”) niet-waardstatus heeft voor de
roestschimmels P. triticina, P. persistens, P. hordei-murini, P. hordei-secalini, P. graminis f.
sp. lolii en P. coronata ff. spp. avenae en holci. Geen van de gerstlijnen was echter volledig
vatbaar voor één of meer van deze heterologe roestschimmels. Uit het voorkomen van
differentiéle interactie tussen gerstlijnen en heterologe roestschimmels bleek dat de resistentie
erg roestsoort-specifiek kon zijn. Enkele gerstlijnen waren enigszins vatbaar voor
verschillende heterologe roestsoorten, wat suggereert dat er ook resistentiegenen voorkomen
die effectief zijn tegen meerdere roestschimmelsoorten. Door kruisen en selecteren brachten
we genen voor vatbaarheid tegen P. triticina en P. hordei-murini samen in twee gerstlijnen,
respectievelijk SusPtrit en SusPmur. In het zaailingstadium zijn deze beide lijnen even
vatbaar als de normale waardsoort voor deze roestschimmels. De beide lijnen bleken ook erg
vatbaar voor een aantal andere heterologe roestschimmelsoorten. In hoofdstuk drie
beschrijven we de genetische kaart die gebaseerd is op een kruising tussen de onderzoekslijn

SusPtrit en het ras Vada. Het ras VVada is volledig resistent tegen heterologe roesten, zoals elk
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modern gerstras. Een recombinant inteelt lijn populatie (RIL) populatie afkomstig van de
kruising Vada x SusPtrit (152 lijnen in Fg) werd geinoculeerd met acht roestisolaten die tot
vijf heterologe en twee homologe (d.w.z. gerst is waardsoort) roestschimmelsoorten behoren.
De resistentie tegen al deze roestisolaten bleek kwantitatief over te erven. Een QTL analyse
identificeerde 18 chromosoomsegmenten met daarop genen die een rol speelden in de
resistentie. EIf hiervan waren effectief tegen slechts één roestschimmelsoort, en zeven
segmenten bleken een rol te spelen in resistentie tegen twee of meer roestschimmelsoorten.
Dat laatste wijst op een gen met een minder roestspecifiek effect, of op koppeling van twee of
meer roestspecifieke genen. Eén R-gen voor overgevoeligheidsresistentie tegen P. hordei-
secalini werd ontdekt.

Analyse van de basenvolgorde van het ITS (internal transcribed spacers) DNA gaf een
beeld van de fylogenetische verwantschap van de roesten. Er bleek geen tendens te zijn dat
QTLs met effectiviteit tegen meer dan één roestschimmelsoort vooral effectief waren tegen
soorten die nauw verwant waren. We opperen de hypothese dat de bij niet-waard resistentie
betrokken QTLs specifieke en kwantitatieve herkenningsfactoren coderen, die specifiek door
de roest moeten worden aangepakt om met succes de niet-waard resistentiereactie te
onderdrukken. In hoofdstuk vier beschrijven we de grote diversiteit aan genen die betrokken
zijn bij niet-waard resistentie. We ontwikkelden een tweede RIL populatie uit een kruising
tussen de vatbare lijn SusPtrit en het resistente Zuidamerikaanse gerstras ‘Cebada Capa’.
Laatstgenoemde is evenals Vada en de meeste andere gerstrassen volledig resistent tegen
heterologe roestschimmelsoorten. Tot onze verrassing vonden we ook een uitsplitsing voor
vatbaarheid voor heterologe roestschimmelsoorten in de standaard mapping populatie Oregon
Wolfe Barleys (OWB). In beide mapping populaties, Cebada Capa x SusPtrit (C x S) en
OWB, brachten we de QTLs in kaart die betrokken zijn bij resistentie tegen vier heterologe
roestschimmelsoorten. We vergeleken de QTLs in beide populaties met de QTLs die we
gevonden hadden in de Vada x SusPtrit populatie (hoofdstuk 3). Voor de vergelijking van de
posities van de QTLs gebruikten we een geintegreerde consensuskaart. De resultaten
bevestigden dat niet-waard resistentie in gerst tegen heterologe roestschimmelsoorten bepaald
wordt door QTLs met verschillende en overlappende specificiteit. Ook een R-gen voor
overgevoeligheidsresistentie droeg in sommige gevallen bij aan de niet-waard resistentie. In
elke populatie waren verschillende combinaties van loci betrokken bij de resistentie, met erg
weinig loci gemeenschappelijk. Dit suggereert een grote diversiteit in gerst van loci met
genen voor niet-waard resistentie tegen heterologe roestschimmelsoorten. Deze loci waren

significant geassocieerd met posities van QTLs voor partiéle resistentie tegen het
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gerstpathogeen P. hordei en ook met loci waar met afweer gerelateerde genen (defence gene
homologues, DGH) gelegen zijn. In hoofdstuk vijf presenteren we een zaailingtoets van
gerstcollectienummers op resistentie tegen P. hordei-bulbosi, de bruine roest van Hordeum
bulbosum. We toonden aan dat sommige gerstlijnen (vooral exotische gerstrassen, landrassen
en wilde gerstlijnen) in het zaailingstadium enigszins vatbaar zijn voor Phb. Dit impliceert dat
gerst een “bijna niet-waard” is voor deze roestsoort. We bestudeerden de genetische basis van
de resistentie tegen Phb in de drie splitsende populaties die we eerder ook al gebruikten
(hoofdstukken 3 en 4): Vada x SusPtrit (VxS; Vada is volledig resistent), Cebada Capa x
SusPtrit (CxS; Cebada Capa is volledig resistent) en Oregon Wolf Barleys (OWB; Dom X
Rec, Dom is volledig resistent). Een QTL analyse gebaseerd op het aantal macroscopisch
zichtbare infecties wees uit dat in elke mapping populatie een andere set genen de resistentie
tegen Phb bepaalde: slechts één QTL werd zowel in de VxS als in de CxS populatie
gevonden. Een QTL analyse in de VxS populatie die gebaseerd was op microscopisch
waargenomen infectiecomponenten, te weten koloniegrootte, vroege abortie zonder
plantcelnecrose en percentage infectie-eenheden dat geassocieerd is met plantcelnecrose,
resulteerde in de ontdekking dat elke infectiecomponent bepaald werd door een verschillende
set genen. Dit impliceert dat de bijna niet-waard resistentie tegen Phb uit verschillende
componenten bestaat, die elk gereguleerd worden door verschillende genen. Plantcelnecrose
werd vooral gevonden als één of twee autofluorescerende cellen in relatief grote
roestkolonies. Daarom mag geconcludeerd worden dat de resistentie van ‘Vada’ tegen deze
heterologe roest in essentie niet op overgevoeligheid gebaseerd is. In hoofdstuk 6 worden de
belangrijkste in dit proefschrift beschreven resultaten behandeld en in een breder perspectief
geplaatst. In dat hoofdstuk bespreken we de “bijna-niet waard” status van gerst tegen
sommige heterologe roestschimmelsoorten en de evolutionaire implicatie voor niet-waard
resistentie. We belichten de aard en mogelijke rol van de genen gelegen op de QTLS voor
niet-waard resistentie in de onderdrukking van resistentie. Het hoofdstuk behandelt ook de
vooruitzichten die toepassing van het gerst-Puccinia modelsysteem biedt om fundamentele

aspecten van niet-waard resistentie tegen gespecialiseerde plant pathogenen te onderzoeken.
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