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Abstract 
Full nonhost resistance can be defined as 

immunity, displayed by an entire plant species against 
all genotypes of a plant pathogen. The genetic basis 
of (non)host-status of plants is hard to study, since 
identification of the responsible genes would require 
interspecific crosses that suffer from sterility and 
abnormal segregation. There are some plant/potential 
pathogen combinations where only 10% or less of the 
accessions are at most moderately susceptible. These 
may be regarded as marginal host or near-nonhost, 
and can provide insights into the genes that determine 
whether a plant species is a host or a nonhost to a 
would-be pathogen. Barley (Hordeum vulgare L.) is 
a near-nonhost to several rust pathogens (Puccinia) 
of cereals and grasses. By crossing and selection we 
developed an experimental line, SusPtrit, with high 
susceptibility to at least nine different heterologous rust 
taxa such as the wheat and Agropyron leaf rusts (caused 
by P. triticina and P. persistens, respectively). 

On the basis of SusPtrit and several regular, fully 
resistant barley accessions, we developed mapping 
populations. We established that the near-nonhost 
resistance to heterologous rusts inherits polygenically 
(QTLs). The QTLs have different and overlapping 
specificities. In addition, an occasional R-gene is 
involved. In each population, different sets of loci were 
implicated in resistance. Very few resistance genes were 
common between the populations, suggesting a high 
redundancy in barley for resistance factors. Selected 
QTLs have been introduced into near-isogenic lines 
to be fine-mapped. Our results show that the barley-
Puccinia system is ideal to investigate the genetics of 
host-status to specialized plant pathogens.  
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Introduction
Plants are exposed to a huge number of potential 

pathogens that represent a very diverse array of 
microorganisms. By far most plant species are nonhost 
to by far most would-be pathogens. The term nonhost 
was defined as the resistant status of an entire plant 
species to all genotypes of a parasite or pathogen 
species (Heath 2000). This definition is widely agreed 
upon, but implies that a nonhost-status can never be 
proven. All genotypes of a plant species, even those in 
the past, present and future, cannot be tested to all past, 
present and future genotypes of a microbe species.   

An important motive and justification of research 
into nonhost resistance, is the obviously high durability 
of this form of resistance. This is in contrast with the 
typically ephemeral effectiveness of R genes that 
determine hypersensitive resistance. Exciting new 
insights are accumulating, and have been summarized 
and discussed in recent review papers (e.g. Thordal-
Christensen 2003; Mysore and Ryu 2004; Nürnberger 
and Lipka 2005; Ingle et al. 2006; Jones and Dangl 2006; 
O’Connell and Panstruga 2006; Schweizer 2007; Niks 
and Marcel 2009; Schulze-Lefert and Panstruga 2011). 
Most advances are in the understanding of perception 
of microbial intruders, and in the genes that play a 
role in signal transduction and defense. Many authors 
acknowledge that, despite these advances, still very 
little is known about the genes that determine natural 
variation between plant species, making one a host, and 
the other a nonhost, to a would-be (potential) pathogen.

In this contribution we will present the Barley-
Puccinia rust system as a model to help elucidating the 
specificity aspects of (non)host-status of a plant to a 
would-be pathogen.

Mechanisms of nonhost resistance
The resistance of most plants to most would-be 

pathogens is based on a multilayered defense (Heath 
2001, 2003; da Cunha et al. 2006), that comprises 
physical and constitutive chemical features (preformed 
barriers) and induced defenses. Would-be pathogens 
should be able to deal effectively with the defense that 
plant species perform against maladapted microbial 
intruders (Heath 1981). They may need to locate stomata 
on the plant leaf surface, and should tolerate or break 
down secondary metabolites. Since related plant 
species frequently have similar preformed barriers, it is 
reasonable to assume that, generally, preformed barriers 
are more likely to contribute to nonhost resistance to 
pathogens of other plant families (like Arabidopsis to 
the wheat leaf rust pathogen), than to pathogens of 
plant species that are related to the nonhost (like barley 
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to the wheat leaf rust pathogen). Induced defenses 
are effective to pathogens of plants of whatever close 
relationship with the nonhost.

On nonhost plant species, resistance against 
specialized maladapted fungal pathogens like those of 
the rusts and powdery mildews commonly appears as 
defective haustorium formation, termed pre-haustorial 
or penetration resistance (Heath 1974; Elmhirst and 
Heath 1987; Niks 1987). This defense typically leads to 
the formation of cell wall reinforcements, also called cell 
wall appositions or papillae (O’Connell and Panstruga 
2006; Underwood and Somerville 2008). 

Frequently, pre-haustorial nonhost resistance 
is backed-up by a hypersensitive post-penetration 
resistance for those infection units that still succeed 
in cell wall penetration (Heath 2002; Lipka et al. 2005). 
The process of this cell death in nonhost plants is not 
necessarily the same as in hypersensitive resistance of 
the host species (Christopher-Kozjan and Heath 2003).

Nonhost resistance induced by MAMPs
It seems that plants are able to discriminate 

between self and non-self, and this ability is the basis 
for the activation of induced defenses upon microbial 
infection. The perception of the non-self intruder in the 
plant tissue is probably mostly mediated by receptor-
like kinases (RLKs). These recognize directly certain 
characteristics of microbe-associated molecular patterns 
(MAMPs). So, MAMP detection serves as an early warning 
system for the presence of non-self molecules. Also 
indirect perception of microbe-induced molecular 
patterns (MIMPs) occurs, where the product of the 
intrinsic activity of a microbe-derived compound will 
be recognized through alteration of the functional state 
of a host molecule (Mackey and McFall 2006). These 
recognition factors are also known under the acronym 
PAMP (pathogen-associated molecular pattern) (Ingle et 
al. 2006).

As a rule, MAMPs seem too conserved to explain 
the difference between nonhost and host pathogens. 
Indeed, host pathogens as well as related nonhost 
pathogens contain very similar or identical MAMPs. As a 
consequence, adapted pathogens also trigger the basal 
defense reaction in their host, but are able to suppress 
this reaction within hours (Li et al. 2005; Caldo et al. 
2006; Truman et al. 2006). Indeed, the failed or successful 
suppression of basal defense is presumed to be the key 
phenomenon determining a nonhost or a host-status of 
the interaction (Heath 1991; Panstruga, 2003; Nomura 
et al. 2005; Caldo et al. 2006). The organization of plant 
defense to maladapted pathogens bears similarity to 
burglar alarm devices in buildings. The alarm is triggered 

by non-specific factors (motion and MAMPs, respectively) 
and should be suppressed in a very specific way (bypass 
code for authorized persons and a specific set of 
microbial factors, respectively). Unauthorized intruders 
should “crack the code” in order to enter without 
activating the alarm and defense system.

Effectors mediate suppression of defense
Suppression of basal resistance is assumed to be 

mediated by so called effectors that are delivered into 
the apoplast or into plant cells (Kamoun 2006). These 
have been particularly well studied in bacterial diseases 
(caused by Pseudomonas and Xanthomonas spp.) (Li et 
al. 2005; Ingle et al. 2006; Gurlebeck et al. 2006; Truman 
et al. 2006). In other pathogen classes, like rust fungi 
(Catanzariti et al. 2006), oomycetes (Kamoun 2006) and 
other plant pathogenic fungi, effectors have also been 
implicated. Up to now, very little is known about the 
identity and biochemical function of effectors delivered 
by fungal and oomycete pathogens. 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).
   
What determines the specificity of 
pathogens?

Since related pathogens with different host ranges 
contain identical or very similar MAMPs, they all will 
activate the same basal defense in any plant. However, 
for example the rye leaf rust fungus (Puccinia recondita) is 
able to suppress the defense in rye but not in barley, and 
the barley leaf rust pathogen (P. hordei) in barley, but not 
in rye. So, the effectors of these pathogens should differ, 
as should the targets of their effectors, making them only 
effective in the plant species to which their effectors have 
been adapted. This suggests that the effectors and their 
targets are important determinants of the (non)host-
status of a certain plant-microbe combination (Niks and 
Marcel 2009). The effectors may be the means by which 
the pathogen “cracks the codes” of a possible host plant.

The next question is how to find the plant targets 
that determine whether effectors of a would-be 
pathogen can or cannot suppress the basal defense. An 
obvious approach would be to study the inheritance 
of (non)host-status. This would, by definition, need an 
interspecific cross, viz between a host and a nonhost 
plant species. The overriding difficulty of this approach 
is that in interspecific crosses classical genetics are rarely 
feasible, due to hybrid sterility, abnormal segregation, 
lack of chromosome pairing and artifacts caused by 
odd plant morphology. This degree of incompatibility 
hampers the identification of individual genetic factors.  
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Exploitation of “near-nonhost” status
There are several plant species that are 

only marginal hosts to a potential pathogen. For 
example, plant species in which less than 10% of the 
accessions are at most moderately susceptible, and 
only at the seedling stage (Mains 1933; Niks 1987). 
This phenomenon is obvious in barley. Occasional 
susceptible barley genotypes have been found to the 
wheat stripe rust pathogen (P. striiformis f.sp. tritici) 
(Pahalawatta and Chen 2005; Sui et al. 2010) and to 
at least nine other rust fungal species of cereals and 
grasses (Atienza et al. 2004). This “near-nonhost” status 
offers the possibility to analyze phenotypic segregations 
if rare susceptible barley accessions are crossed with 
common immune accessions. This circumvents the need 
for inter-specific host x nonhost crosses. Still, it seems 
reasonable to presume that genes that are responsible 
for the resistance/susceptibility to marginal pathogens 
will, by extrapolation, also teach us about principles that 
contribute to, or even determine, the full nonhost-status 
to related pathogens.

We quantified the level of susceptibility of barley to 
several heterologous rust fungal species, all pathogenic 
on (other) cereals and grasses (Atienza et al. 2004, and 
unpublished data). Some examples are presented in Fig. 
1. The high level of infection by P. hordei isolate 1.2.1. is 
as expected, since barley is the regular host species. 

Other heterologous rust fungi were applied with 
3-fold as much inoculum as P. hordei, but nevertheless 
several did not produce any pustule (for example, the 
rye leaf rust pathogen P. recondita); others, like the 
wheat leaf rust pathogen (P. triticina) produced more 
than 100 pustules per leaf on fewer than 10% of the 
accessions. To the latter group barley can be considered 
a “near-nonhost”. So far, adult plants were resistant to all 

rusts, except to P. hordei (Atienza et al. 2004). The wheat 
powdery mildew fungus (Blumeria graminis f. sp. tritici) 
did not produce macroscopically visible colonies on any 
barley accession.

Among barley accessions with susceptibility to 
heterologous rusts, relatively many accessions were with 
naked seeds, black seeds and African and Asian land 
races, and relatively few were modern cultivars (Atienza 
et al. 2004). 

Accumulation of susceptibility to 
heterologous rusts

None of the barley accessions was as highly 
susceptible as the regular host to the heterologous 
rusts. Therefore, we accumulated susceptibility alleles 
by convergent crossing of accessions identified as 
fairly susceptible, selecting in their progeny for higher 
susceptibility to the wheat leaf rust pathogen, P. triticina. 
This resulted in an experimental line, called SusPtrit, 
with high seedling stage susceptibility to P. triticina as a 
typical susceptible wheat accession (Fig. 2; Atienza et al. 
2004). We followed the same procedure, starting from 
different parental material, to develop a line with very 
high susceptibility to the heterologous rust P. hordei-
murini, called SusPmur (Atienza et al. 2004).

Fig. 1.Percentages.of.barley.accessions.(n=110).per.
susceptibility.class.for.13.heterologous.rust.fungi,.
and.wheat.powdery.mildew.and.the.barley.leaf.rust.
pathogens,.determined.at.the.seedling.stage..After.
Atienza.et.al..(2004).

Fig. 2.Responses.of.the.wheat.leaf.rust.pathogen.
(Puccinia.triticina).on.(A).a.seedling.leaf.of.wheat;.(B).
barley.line.L94.(a.relatively.rare,.slightly.susceptible,.
barley.accessions);.(C).barley.cv..Vada.(a.representative.
and.typical.“immune”.barley.accession);.and.(D).
experimental.barley.line.SusPtrit,.in.which.genes.for.
susceptibility.to.P..triticina.have.been.accumulated
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Mapping populations
We developed two mapping populations by 

crossing SusPtrit, the susceptible parent, with the 
European cultivar Vada and the South American cultivar 
Cebada Capa, parents that are regularly immune to 
heterologous rust fungi. These mapping populations 
consisted of 152 recombinant inbred lines for Vada 
x SusPtrit (V x S), and 113 recombinant inbred lines 
for Cebada Capa x SusPtrit (C x S). We also found that 
the Oregon Wolfe Barley population (OWB; 94 DH 
lines, Costa et al. 2001) segregated for susceptibility 
to heterologous rusts for which barley was a near-
nonhost. Since the parents of the OWB population 
were generated by convergent crosses of exotic 
barley accessions (Costa et al. 2001), it was not entirely 
unexpected that this population would segregate for 
susceptibility to heterologous rust fungal species.

Research questions to be addressed
The availability of the barley research lines with 

extreme susceptibility to heterologous rusts and of 
the mapping populations enabled us to address the 
following research questions;

•  is host-status based on quantitative genes or on the 
stacking of several R genes?

•  do nonhosts have specific genes for nonhost-status, 
each effective to a different pathogen taxon, or do 
the genes have a broad spectrum effectiveness?

•  is the resistance of members of a nonhost species 
to a heterologous pathogen due to shared 
resistance genes, or are different members of the 
nonhost species each resistant due to a different 
set of genes?

•  is nonhost resistance due to variation in genes 
that have been identified as playing a key role in 
perception, signal transduction and defense?

•  are the genes that determine the (non)host-status 
to a heterologous pathogen also implicated in 
basal defense to the related adapted pathogen?

Quantitative genes or stacking of 
several R-genes?

The barley-rust interaction indicates clearly 
quantitative genes for (non)host-status. The 
mapping populations segregated quantitatively and 
continuously. Fig. 3 provides two examples of such 
segregation. To each heterologous rust species QTL 
mapping led to the discovery of two to five QTLs that 
explained the resistance of the resistant parent, Vada 
or Cebada Capa, to a particular rust pathogen species 
(Jafary et al. 2008; Fig. 4).

The quantitative, polygenic inheritance is also 
consistent with the fact that the accumulation of 
susceptibility by convergent crossing to produce 
SusPtrit and SusPmur (Atienza et al. 2004) led to a 
gradual increase in the level of susceptibility. 

It has been proposed that nonhost resistance 
of plants may be due to R genes of the NBS-LRR 
type that recognize pathogen-derived Avr factors 
(Heath 1981; Niks 1988; Jones and Dangl 2006; 
Schweizer 2007; Schulze-Lefert and Panstruga 2011). 
If several of such R genes occur in combination and 
at high allele frequency in the plant species, and 
if the cognate Avr factors occur also at high allele 
frequency in the microbe species, this would lead 

Fig. 3 Frequency.distributions.of.phenotypes.for.resistance.to.two.heterologous.rust.fungi.in.the.barley.mapping.
population.Vada.x.SusPtrit..Values.of.the.two.parental.lines.are.shown.by.arrows..A..Puccinia.triticina.isolate.
Flamingo;.B..P..graminis.f..sp..lolii
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to redundancy, and the resistance would be complete 
and durable. The resistance of barley to wheat stripe 
rust (P. striiformis f. sp. tritici) (Pahalawatta and Chen 
2005; Sui et al. 2010) and of wheat to barley stripe rust 
(P. striiformis f. sp. hordei) (Johnson and Lovell 1994; 
Rodrigues et al. 2004) seem indeed to be largely due to 
major gene(s) for hypersensitivity resistance. However, in 
the crosses with SusPtrit and in the OWB we found only 
one locus (on chromosome 1H) carrying a major R gene 
for hypersensitive resistance to heterologous rusts; one 
contributed by Vada was effective to P. hordei-secalini 
(Jafary et al. 2006), and the other, contributed by Rec 
(the recessive parent of OWB), was effective to P. hordei-

Fig. 4 Locations.of.QTLs.for.nonhost.immunity.to.four.heterologous.rust.pathogen.species.on.a.BIN.map.extracted.from.
a.high-density.consensus.map.of.barley.(Marcel.et.al..2007a)..The.QTLs.were.originally.mapped.on.three.individual.
barley.linkage.maps..Length.of.QTL.boxes.(with.pattern).correspond.to.the.LOD-1.support.interval.(from.peak.marker).
and.QTL.lines.are.extended.to.the.LOD-2.support.interval,.based.on.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.QTLs..Within.
chromosome.bars,.LOD-2.support.intervals.of.QTLs.for.partial.resistance.to.barley.leaf.rust.(Marcel.et.al..2007a;.Jafary.
et.al..2008).are.indicated.in.black.if.overlapping.with.the.LOD-1.support.interval,.in.dark.grey.if.overlapping.with.the.
LOD-2.support.interval.and.in.clear.grey.if.not.overlapping.with.QTL(s).for.nonhost.resistance.presented.in.this.study..
The.name.of.the.QTL.for.partial.resistance.(Rphq-).is.indicated.on.the.left.side.of.the.chromosome.bars.when.its.peak.
marker(s).was.within.the.LOD-1.support.interval.of.QTL(s).for.nonhost.resistance..The.63.loci.in.bold.are.defense.gene.
homologue.(DGH).based.markers..The.ruler.on.the.left.end.side.of.the.figure.indicates.the.distance.in.centiMorgans.
(Kosambi).from.the.top.of.each.chromosome

secalini and P. hordei-murini (Jafary et al. 2008).  However, 
the R gene was backed-up by quantitative resistance. 
We conclude that R genes contribute occasionally to the 
resistance to heterologous rusts, but genes for quantitative 
resistance play a much more prominent role.

Pathogen specificity or broad spectrum 
effectiveness?

The QTLs found to underlay the near-nonhost status 
of barley to heterologous rust pathogens had overlapping 
rust specificity, i.e. they were typically effective to only one 
or two rusts, and only few were effective to at least four 
heterologous rust species (Fig. 4; Jafary et al. 2006, 2008). 
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This combination of specificity and broader 
spectrum effectiveness was also found in the analysis 
of barley germplasm and the development of the 
experimental line SusPtrit (Atienza et al. 2004). Accessions 
that were (moderately) susceptible to one heterologous 
rust had a high chance to be also somewhat susceptible 
to other heterologous rusts. The accessions Trigo 
Biasa (from Indonesia) and L94 (from Ethiopia) were 
rather susceptible to most heterologous rusts to which 
barley is a near-nonhost. The line SusPtrit, selected for 
susceptibility to P. triticina, was also very susceptible 
to the other heterologous rusts to which barley is a 
near-nonhost, again suggesting a broad spectrum 
effectiveness of the resistance alleles that were selected 
against in SusPtrit. 

On the other hand, some lines were susceptible to 
one heterologous rust pathogen and completely resistant 
or even immune to others. In several cases, differential 
interaction occurred between barley accessions and 
heterologous rusts. This suggests that there are also 
genes with high rust species specificity.

High allele frequencies of the same 
resistance genes?

Is the resistance of members of a nonhost species 
to a heterologous pathogen due to shared resistance 
genes, or are different members of the nonhost species 
each resistant due to a different set of genes? One might 
expect that almost all immune barleys would carry the 
common, i.e. resistance, alleles for almost all loci on which 
SusPtrit carries the (probably rare) susceptibility allele. In 
that case, in crosses between SusPtrit with any immune 
barley almost the same loci should be found to govern 
the response to a certain heterologous rust pathogen. 
This was not what we found (Jafary et al. 2008). 

In each mapping population, different sets of 
quantitative genes explained resistance to particular 
heterologous rusts (Fig. 4). For example, Vada and Cebada 
Capa share only one QTL from nine for resistance to Phm 
and Phs (Fig. 4). Therefore, immunity to a heterologous 
rust may be due to many different sets of QTLs, indicating 
a high redundancy of genes for resistance in the barley 
species.

These observations also suggest that even immune 
barleys contain some susceptibility alleles on certain 
QTLs, and therefore will not segregate for the same QTLs 
when crossed with SusPtrit. This possibility is consistent 
with the observation that crossing exotic barley lines 
with slight susceptibility to heterologous rusts, resulted 
in transgression towards increased susceptibility, leading 
to the research line SusPtrit with extreme susceptibility 
(Atienza et al. 2004). 

Do the resistance QTLs represent 
defense-related genes?

At first thoughts, genes involved in plant defense are 
not likely candidates to determine the (non)host status 
of plants. These genes, like for example peroxidases, 
MAPKinases, super-oxide dismutase, and BAX inhibitor 
1,are generally quite conserved and should be effective 
to a broad spectrum of the same class of pathogens. The 
barley lines SusPtrit and SusPmur (Atienza et al. 2004) 
are very susceptible to some heterologous rusts, but 
they are fully resistant to several rusts to which barley is 
probably a full nonhost. Therefore, it is unlikely that the 
susceptibility of these lines to some heterologous rusts is 
due to structurally defective key genes for basal defense. 
However, an option is that such basal resistance genes 
contain minor sequence differences in promoter and/or 
coding sequences that would be the point of action of 
effectors to specifically reprogram such genes in order to 
suppress defense (Niks and Marcel 2009). 

The QTLs for basal resistance to Puccinia hordei in 
three barley mapping populations tended to co-locate 
significantly with Defense Gene Homologs (DGHs) 
(Marcel et al. 2007a). The DGHs that associated with 
the QTLs for nonhost resistance included peroxidases, 
MAPKinases, superoxide dismutase and BAX inhibitor 1. 
We extended this work by focusing on peroxidase (prx) 
genes. We followed the Motif-directed Profiling approach 
that targets conserved motifs in functional domains 
of gene family members (Gonzalez et al. 2010). On the 
basis of the conserved FHDCFV and VSCADI motifs of prx 
genes we mapped 200 prx profiling markers, inserted 
them into a consensus linkage map of barley (Aghnoum 
et al. 2010) and compared their positions with those 
of 63 QTLs for nonhost resistance to heterologous rust 
fungi, 19 QTLs for basal resistance to P. hordei, and 23 
QTLs for basal resistance to barley powdery mildew 
(caused by Blumeria graminis f. sp. hordei). The 5 cM BIN 
system of the barley consensus map was used to test 
by chi-squared test for a possible association between 
the distribution of the QTLs and the distribution of of 
the prx profiling markers. The QTLs for resistance to 
heterologous rust fungi, QTLs for basal resistance to 
P. hordei, and for basal resistance to barley powdery 
mildew were all significantly associated with prx based 
markers (Table 1; Gonzalez et al. 2010). Our data imply 
that 61% of the QTLs for partial resistance to P. hordei, 
61% of the QTLs for resistance to B. graminis and 47% 
of the QTLs for non-host resistance to other Puccinia 
species co-localize with prx based markers. This suggests 
that that Prx genes may represent a substantial part of 
the targets of effectors that aim to suppress the basal 
defense of plants.
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Are genes that determine nonhost 
resistance also implicated in basal defense 
to the related adapted pathogen?

In almost all plant-pathosystems there is variation 
within the susceptible class of plant accessions, 
ranging from moderately to extremely susceptible. 
Such variation is known as quantitative basal (or 
partial) resistance. There is evidence that this type 
of resistance is part of the same system as nonhost 
resistance; 

•  at least in powdery mildew and rust fungi, 
the quantitative basal resistance is typically 
predominantly pre-haustorial and associated with 
formation of cell wall reinforcements, also called 
cell wall appositions or papillae (O’Connell and 
Panstruga 2006), as in nonhost resistance to these 
pathogen classes.

•  genetic segregation for resistance to rusts to 
which barley has a near-nonhost status tends 
to be associated with segregation for levels of 
quantitative basal resistance to P. hordei  in barley, 
indicating that some of the same genes are 
involved (Zhang et al. 1994).
It would also make sense that nonhost resistance 

to heterologous pathogens and quantitative basal 
resistance are associated. Assuming that genetic 
factors determine differences between plant species in 
(non)host status to a would-be pathogen, it may also 
be expected that such genetic factors differ within a 
host plant species to that micro-organism, making one 
host plant genotype a more suitable host individual 
than another genotype of the same species. 

Indeed, mapping of the QTLs for resistance to 
heterologous rust fungi (Fig. 4) confirms that many of those 
QTLs map to positions where QTLs for basal resistance to 
P. hordei in the same or different mapping populations are 
located. This association was significant (p < 0.01).

Perspectives  
The near-nonhost status of barley to several rust fungi 

that are adapted to grasses and other cereals (Atienza 
et al. 2004) offers great perspectives in understanding 
the genetics and specificity of resistance to unadapted 
specialized pathogens. Tools that have been developed are:  

•  hypersusceptible lines in which alleles for susceptibility 
to heterologous rusts have been accumulated (Atienza 
et al. 2004)

•  a large collection of rusts of different grasses and 
cereals 

•  a large number of mapping populations segregating 
for their level of (non)host resistance to rust fungi of 
cereals and grasses

•  BAC libraries of Vada, SusPtrit (Marcel et al. 
unpublished), Cebada Capa (Isidore et al. 2005) and 
Morex (Yu et al. 2000)

•  advances in the development of barley physical maps 
(Künzel et al. 2000; Stephens et al. 2004) and very 
dense marker linkage maps (e.g. Marcel et al. 2007a; 
Stein et al. 2007; Aghnoum et al. 2010)

•  NIL-QTL lines for basal resistance have been 
developed in susceptible barley and barley with high 
levels of basal resistance (Marcel et al, 2007b, 2008) 
demonstrating that the QTLs are robust, and that 
most of them not obviously do not depend on genetic 
background.

Table 1 Chi-squared.values.(in.bold).for.independent.distribution.of.Prx-based.markers.and.barley.QTLs.for.partial.
resistance.to.Puccinia hordei.(QTLph),.nonhost.resistance.to.heterologous.cereal.and.grass.rusts.(QTLnh),.and.to.
Blumeria graminis (QTLbg)

Prx QTLph QTLnh QTLbg

Marker no. 200 19 63 23

BIN no1 63 18 47 23

O (E)2 11 (5.2) 22 (13.4) 14 (6.7)

χ2  9.9* 9.9* 12.6**

1 The number of barley BINs (5 cM) occupied by the (peak) markers for the respective class of QTLs or markers
2 Number of BINs observed to be co-occupied by a QTL peak marker and a Prx-targeted marker (the expected number of co-occupied BINs in 

case of independent distribution is in brackets)

** P<0.001, * P<0.05
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In this contribution, we presented data on the 
genetics of (near-)nonhost resistance of barley to 
heterologous rusts. These rusts enter through stomata to 
infect mainly the barley mesophyll cells. That infection 
style does not allow testing of candidate genes by 
reverse genetics through transient transformation by 
biolistics (Schweizer et al. 1999), since that method 
only transforms epidermal cells. Such methods are 
relevant for powdery mildew fungi. Recently, we 
started to accumulate genes in barley for unusual but 
natural susceptibility to the wheat powdery mildew 
pathogen (Blumeria graminis f. sp. tritici) (Aghnoum 
and Niks 2010), and lines with very high and very low 
levels of quantitative basal resistance to B. graminis f. 
sp. hordei (Aghnoum and Niks 2011). That material will 
allow similar studies and comparisons as done here 
for rust fungi, but with the additional advantage of the 
amenability to reverse genetics approaches.

Acknowledgements 
We are grateful for the financial support H.J. 

obtained from the Agricultural Research and Education 
Organisation and the Ministry of Science Research and 
Technology of the Islamic Republic of Iran. T.C.M. 
was supported by the BIOEXPLOIT Integrated Project 
that resides under the 6th framework programme of the 
European Union.

References
Aghnoum R, Marcel TC, Johrde A, Pecchioni N, Schweizer 

P, Niks RE (2010) Basal resistance of barley to barley 
powdery mildew: connecting QTLs and candidate 
genes. Mol Plant-Microbe Interact 23:91-102

Aghnoum R, Niks RE (2010) Specificity and levels of non-
host resistance of barley to non-adapted Blumeria 
graminis forms. New Phytologist 185:275-284

Aghnoum R, Niks RE (2011) Transgressive segregation for 
very low and high levels of basal resistance to powdery 
mildew in barley. J Plant Physiol 168:45-50

Atienza SG, Jafary H, Niks RE (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

Caldo RA, Nettleton D, Peng J, Wise RP (2006) Stage-
specific suppression of basal defense discriminates 
barley plants containing fast- and delayed-acting 
Mla powdery mildew resistance alleles. Molec Plant-
Microbe Interact 19:939-947

Catanzariti A-M, Dodds PN, Lawrence GJ, Ayliffe MA (2006) 
Haustorially expressed secreted proteins from flax rust 
are highly enriched for avirulence elicitors. Plant Cell 
18:243-256

Christopher-Kozjan R, Heath MC (2003) Cytological and 
pharmacological evidence that biotrophic fungi trigger 
different cell death execution processes in host and 
nonhost cells during the hypersensitive response. 
Physiol Mol Plant Pathol 62:265-275

Coaker G, Falick A, Staskawicz B (2005) Activation of 
a phytopathogenic bacterial effector protein by a 
eukaryotic cyclophilin. Science 308:548-550

Costa JM, Corey A, Hayes PM, Jobet C, Kleinhofs A, 
Kopisch-Obusch A, Kramer SF, Kudrna D, Li M, Riera-
Lizarazu O, Sato K, Szucs P, Toojinda T, Vales MI, Wolfe 
RI (2001) Molecular mapping of the Oregon Wolfe 
barleys: a phenotypically polymorphic doubled-
haploid population. Theor Appl Genet 103:415-424

Da Cunha L, McFall AJ, Mackey D (2006) Innate immunity 
in plants: a continuum of layered defenses. Microbes 
Infect 8:1372-1381

Elmhirst JF, Heath MC (1987) Interactions of the bean 
rust and cowpea rust fungi with species of the 
Phaseolus-Vigna plant complex. I. Fungal growth and 
development. Can J Bot 65:1096-1107

González AM, Marcel TC, Kohutova Z, Stam P, van der 
Linden CG, Niks RE (2010) Peroxidase profiling reveals 
genetic linkage between peroxidase gene clusters and 
basal host and non-host resistance to rusts and mildew 
in barley. PLoS-ONE 5(8):e10495 doi:10.1371/journal.
pone.0010495

Gurlebeck D, Thieme F, Bonas U (2006) Type III effector 
proteins from the plant pathogen Xanthomonas and 
their role in the interaction with the host plant. J Plant 
Physiol 163:33-255 

Heath MC (1974) Light and electron microscope studies 
of the interactions of host and nonhost   plants with 
cowpea rust Uromyces phaseoli var. vignae. Physiol 
Plant Pathol 4:403-414

Heath MC (1981) Resistance of plants to rust infection. 
Phytopathology 71:971-974

Heath MC (1991) Tansley Review No. 33. Evolution of 
resistance to fungal parasitism in natural ecosystems. 
New Phytologist 119:331-343

Heath MC (2000) Nonhost resistance and nonspecific 
plant defenses. Curr Opinion Plant Biol 3:315-319 

Heath MC (2001) Non-host resistance to plant pathogens: 
nonspecific defence or the result of specific 
recognition events? Physiol Mol Plant Pathol 58:53-54

Heath MC (2002) Cellular interactions between biotrophic 
fungal pathogens and host or nonhost plants. Can J 
Plant Pathol 24:259-264

Heath MC (2003) Nonhost resistance in plants to microbial 
pathogens. In: Ezekowitz RAB, Hoffmann JA (eds) 
Innate immunity. Humana Press Inc. Totowa, NJ, USA, 
pp.47-57



Cracking the codes: genetic basis of nonhost resistance of barley to heterologous rust fungi62

Ingle RA, Carstens M, Denby KJ (2006) PAMP recognition 
and the plant-pathogen arms race. BioEssays 28:880-
889

Isidore E, Scherrer B, Bellec A, Budin K, Faivre-Rampant 
P, Waugh R, Keller B, Caboche M, Feuillet C, Chalhoub 
B (2005) Direct targeting and rapid isolation of BAC 
clones spanning a defined chromosome region. Funct 
Integr Genomics 5:97-103

Jafary H, Szabo LJ, Niks RE (2006) Innate nonhost 
immunity in barley to different heterologous rust fungi 
is controlled by sets of resistance genes with different 
and overlapping specificities. Mol Plant-Microbe 
Interact 19:1270-1279

Jafary H, Albertazzi G, Marcel TC, Niks RE (2008) High 
diversity of genes for nonhost resistance of barley to 
heterologous rust fungi. Genetics 178:2327-2339

Johnson R, Lovell NK (1994) Genetics of resistance of 
wheat to barley attacking races of Puccinia striiformis. 
Cereal Rusts and Powdery Mildews Bull 22:32-40

Jones JD, Dangl JL (2006) The plant immune system. 
Nature 444:323-329

Kamoun S (2006) A catalogue of the effector secretome of 
plant pathogenic oomycetes. Annual Rev Phytopathol 
44:41-60

Künzel G, Korzun L, Meister A (2000) Cytologically 
integrated physical restriction fragment length 
polymorphism maps for the barely genome based on 
translocation breakpoints. Genetics 154:397-412

Lahaye T, Bonas U (2001) Molecular secrets of bacterial 
type III effector proteins. Trends in Plant Sci 6:479-485

Li X, Lin H, Zhang W, Zou Y, Zhang J, Tang X, Zhou J-M 
(2005) Flagellin induces innate immunity in nonhost 
interactions that is suppressed by Pseudomonas 
syringae effectors. Proc Natl Acad Sci USA 102:12990-
12995

Lipka V, Dittgen J, Bednarek P, Bhat R, Wiermer M, Stein 
M, Landtag J, Brandt W, Rosahl S, Scheel D, Llorenta F, 
Molina A, Parker J, Somerville S, Schulze-Lefert P (2005) 
Pre- and postinvasion defenses both contribute to 
nonhost resistance in Arabidopsis. Science 310:1180-
1183

Mackey D, McFall AJ (2006) MAMPs and MIMPs: proposed 
classifications for inducers of innate immunity. Mol 
Microbiol 61:1365-1371

Mains, E.B., 1933. Host specialization in the leaf rust of 
grasses, Puccinia rubigo-vera. Papers of the Michigan 
Acad. Science, Arts and Letters 17:289-394

Marcel TC, Varshney RK, Barbieri M, Jafary H, de Kock MJD, 
Graner A, Niks RE (2007a). A high-density consensus 
map of barley to compare the distribution of QTLs for 
partial resistance to Puccinia hordei and of defence 
gene homologues. Theor Appl Genet 114:487-500

Marcel TC, Aghnoum R, Durand J, Varshney RK, Niks RE 
(2007b). Dissection of the barley 2L1.0 region carrying 
the ‘Laevigatum’ quantitative resistance gene to leaf 
rust using near isogenic lines (NIL) and sub-NIL. Mol 
Plant-Microbe Interact 20:1604-1615

Marcel TC, Gorguet B, Truong Ta M, Kohutova Z, Vels A, 
Niks RE (2008) Isolate-specificity of quantitative trait 
loci for partial resistance of barley to Puccinia hordei 
confirmed in mapping populations and near-isogenic 
lines. New Phytologist 177:743-755

Mysore KS, Ryu C-M (2004) Nonhost resistance: how much 
do we know? Trends in Plant Science 9:97-104

Niks RE (1987) Nonhost plant species as donors for 
resistance to pathogens with narrow host range. I. 
Determination of nonhost status. Euphytica 36:841-852

Niks RE (1988) Nonhost plant species as donors for 
resistance to pathogens with narrow host range. 
II. Concepts and evidence on the genetic basis of 
nonhost resistance. Euphytica 37:89-99

Niks RE Marcel TC (2009) Nonhost resistance and basal 
resistance: how to explain specificity? New Phytologist 
182:817-828

Nomura K, Melotto M, He S-Y (2005) Suppression of host 
defence in compatible plant-Pseudomonas syringae 
interactions. Curr Opinion Plant Biol 8:361-368

Nürnberger T, Lipka V (2005) Non-host resistance in 
plants: new insights into an old phenomenon. Molec 
Plant Pathol 6:335-345

O’Connell RJ, Panstruga R. (2006) Tête à tête inside the 
plant cell: establishing compatibility between plants 
and biotrophic fungi and oomycetes. New Phytologist 
171:699-718

Pahalawatta V, Chen XM (2005) Inheritance and molecular 
mapping of barley genes conferring resistance to 
wheat stripe rust. Phytopathology 95:884-889

Panstruga R (2003) Establishing compatibility between 
plants and obligate pathogens. Curr Opinion Plant Biol 
6:320-326

Rodrigues P, Garrood JM, Shen QH, Smith PH Boyd LA 
(2004) The genetics of non-host disease resistance in 
wheat to barley yellow rust. Theor Appl Genet 109:425-
432



Cracking the codes: genetic basis of nonhost resistance of barley to heterologous rust fungi Oral Presentations• 2011 BGRI Technical Workshop 63

Schulze-Lefert P, Panstruga R (2011) A molecular 
evolutionary concept connecting nonhost resistance, 
pathogen host resistance and pathogen speciation. 
Trends in Plant Science 16:117-125

Schweizer P, Pokorny J, Abderhalden O, Dudler R (1999) A 
transient assay system for the functional assessment 
of defense-related genes in wheat. Mol Plant-Microbe 
Interact 12:647-654

Schweizer P (2007) Nonhost resistance of plants to powdery 
mildew - New opportunities to unravel the mystery. 
Physiol Mol Plant Pathol 70:3-7

Shao F, Golstein C, Ade J, Stoutemyer M, Dixon JE, Innes RW 
(2003) Cleavage of Arabidopsis PBS1 by a bacterial type III 
effector. Science 301:1230-1233 

Stein N, Prasad M, Scholz U, Thiel T, Zhang H, Wolf M, Kota R, 
Varshney RK, Perovic D, Grosse I, Graner A (2007) A 1,000-
loci transcript map of the barley genome: new anchoring 
points for integrative grass genomics. Theor Appl Genet 
114:823-839 

Stephens JL, Brown SE, Lapitan NLV, Knudson DL (2004) 
Physical mapping of barley genes using an ultrasensitive 
fluorescence in situ hybridization technique. Genome 
47:179-189

Sui X, He Z, Lu Y, Wang Z, Xia X (2010) Molecular mapping 
of a non-host resistance gene YrpstY1 in barley (Hordeum 
vulgare L.) for resistance to wheat stripe rust. Hereditas 
147:176-182

Thordal-Christensen H (2003) Fresh insights into processes 
of nonhost resistance. Curr Opinion Plant Biol 6:351-357

Truman W, Torres de Zabala M, Grant M (2006) Type III 
effectors orchestrate a complex interplay between 
transcriptional networks to modify basal defence 
responses during pathogenesis and resistance. Plant J 
46:14-33

Underwood W, Somerville SC (2008) Focal accumulation 
of defences at sites of fungal pathogen attack. J Exp Bot 
59:3501-3508 

Yu Y, Tomkins JP, Waugh R, Frisch DA, Kudrna D, Kleinhofs 
A, Brueggeman RS, Muehlbauer GJ, Wise RP, Wing RA 
(2000) A bacterial artificial chromosome library for barley 
(Hordeum vulgare L.) and the identification of clones 
containing putative resistance genes. Theor Appl Genet 
101:1093-1099

Zhang H-S, de la Rosa R, Rubiales D, Lubbers HH, Molenveld 
JW, Niks RE (1994) Role of partial resistance to Puccinia 
hordei in barley in the defence of barley to inappropriate 
rust fungi. Physiol Mol Plant Pathol 45:219-228




