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Abstract
Rust diseases remain a significant threat to the 

production of most cereals including wheat. New 
sources of resistance are continually sought by breeders 
to combat the emergence of new pathogen races. Rice 
is atypical in that it is an intensively grown cereal with 
no known rust pathogen. The resistance of rice to cereal 
rust diseases is referred to as nonhost resistance (NHR), 
a resistance mechanism that has only recently become 
genetically tractable. In this report, the mechanisms 
of rice NHR to wheat stem rust and other cereal rust 
diseases are explored and the potential for transferring 
this durable disease resistance to wheat is considered. 
Approaches being undertaken for the molecular-genetic 
dissection of rice NHR to rust are described.
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Introduction
Rust diseases caused by fungal pathogens in 

the Puccinia genus remain a constant threat to cereal 
production. Wheat, one of the world’s most important 
agricultural crops, accounting for 30% of global calorific 
intake, is subject to three rust diseases. These diseases 
are wheat leaf rust, wheat stripe rust and wheat stem 
rust caused by the fungal pathogens Puccinia triticina, 
Puccinia striiformis f. sp tritici and Puccinia graminis f. sp. 
tritici, respectively.

New sources of resistance to these three wheat 
pathogens are continually sought by breeders due to 
the ability of the pathogens to overcome host resistance 
by a combination of mutation, parasexuality and 
sexual recombination. Effective, durable resistance to 
rust diseases has been coveted by wheat agricultural 
scientists (Ayliffe et al. 2008). A case in point is the 
emergence of a new stem rust isolate from Uganda (race 
Ug99) in 1999 that can overcome Sr31, a highly effective 
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stem rust resistance gene that had been effective for 
30 years (Pretorius et al. 2000; Singh et al. 2006; 2007; 
Stokstad 2007). Subsequent mutation of this isolate 
has led to the breakdown of further resistance genes 
(e.g. Sr24, Sr36) making many of the world’s commercial 
cultivars vulnerable to stem rust epidemics (Singh et al. 
2006; 2007; Stockstad 2007).

In contrast, rice, which is an equally important 
cereal in terms of food production, is apparently 
immune to all known rust diseases. This species is 
unique compared with all other cereals and cultivated 
grasses, which are parasitized by at least one rust 
pathogen (e.g. wheat, barley, rye, triticale, maize, 
sorghum, millet, oats, sugarcane). The immunity of rice 
to rust disease is presumably mediated by nonhost 
resistance (NHR), a resistance mechanism that has 
recently become tractable using molecular-genetic 
approaches.

Given the apparent durability of NHR, an attractive 
proposition is to transfer this rust resistance from rice 
into wheat and other agricultural cereals. This paper 
describes approaches being undertaken to characterize 
the nonhost resistance of rice to cereal rusts at a 
molecular genetic level and explores the possibility of 
transferring this resistance to other cereals.

Host and nonhost resistance – mechanistically distinct 
or overlapping processes?

The current model of plant disease resistance (Jones 
and Dangl 2006) proposes that microbes produce an 
unknown number of conserved molecules that plant 
cells can recognize with membrane spanning receptor 
kinases (reviewed by Zipfel 2008). These microbial 
molecules, called MAMPs or PAMPs (microbe or 
pathogen associated molecular patterns) include diverse 
molecules such as flagellin, chitin, lipopolysacharide 
and translation elongation factors. Upon recognition 
of these molecules a basal defense response, or PAMP-
triggered immunity, is activated that prevents further 
microbial colonization (Zipfel 2008). Pathogens of a 
given plant species have the capacity to circumvent 
this basal defense response by introducing a suite 
of molecules termed effectors into plant cells which 
suppress host cell defenses by interacting with specific 
host target molecules (reviewed by Hogenhout et al. 
2009). In turn plants have evolved a large number of 
genes that encode resistance proteins (R proteins), each 
of which recognizes a specific pathogen effector. Upon 
R protein recognition of an effector, previously known 
as an avirulence product, a resistance response, or 
effector-triggered immunity, is activated that frequently 
involves hypersensitive cell death. This effector triggered 
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response is the underlying molecular basis of the “gene-
for-gene” hypothesis (Jones and Dangl 2006).

Less well defined are the molecular mechanisms 
that constitute NHR, although clearly NHR and basal 
resistance are intimately related. The extent of R protein 
mediated defenses in NHR is yet to be determined, 
but in some cases these molecules appear to have a 
role (described below). NHR can range from a basic 
incompatibility between a plant and microbial species 
(i.e. inappropriate physical or chemical signals for 
microbial recognition of a potential host), passive 
defense (i.e. preformed physical or chemical barriers) to 
active defenses involving chemical synthesis, production 
of reactive oxygen species and in some instances 
hypersensitive cell death.

The first isolation of genes conferring NHR was 
achieved in Arabidopsis by the cloning of three PEN 
genes (PEN1-3) (reviewed by Lipka et al. 2008). Initially a 
microscopic mutation screen was undertaken on EMS-
mutagenized plants that had been infected with barley 
powdery mildew (Blumeria graminis f. sp tritici) for which 
Arabidopsis is a nonhost species. Cytological analysis 
of 12,000 mutagenized plants identified nine which 
showed a greater penetration of the leaf epidermis by 
this non-adapted pathogen (Stein et al. 2006). Three 
mutant loci (pen1-3) were identified in these nine plants 
and were subsequently isolated by map-based cloning.

The PEN1 gene was shown to encode a syntaxin 
protein which is involved in targeting vesicles to the 
site of attempted mildew penetration (Collins et al. 
2003; Kwon et al. 2008). PEN2 encodes a peroxisome-
localized glycoside hydrolase with 4-methoxy-indol-
3-ylmethylglucosinolate the likely substrate (Lipka 
et al. 2005; Benarek et al. 2009; Clay et al. 2009). The 
PEN3 gene encodes a plasma-membrane localised 
ATP-binding cassette transporter involved in cadmium 
extrusion (Stein et al. 2006; Kim et al. 2007). Both the 
PEN2 and PEN3 genes contribute to a signaling pathway 
leading to callose formation following PAMP recognition 
(Clay et al. 2009).

The PEN mutations did not enable colonization of 
the nonhost plant, rather they enabled enhanced fungal 
penetration and growth before pathogen restriction by 
other components of NHR. The pen2 and pen3 genes 
were combined with mutations in two genes, pad4 and 
eds1 that encode proteins with key regulatory roles 
in basal defense, salicylic acid induced defense and R 
protein defense (Wiermer et al. 2005). These double 
mutant plants showed increased permissiveness for 
growth of non-adapted mildew pathogens, allowing 
infection and occasional sporulation. In a triple 
mutant background (pen2pad4sag101) this nonhost 
permissiveness was exacerbated to virtual susceptibility 
(Lipka et al. 2005; Stein et al. 2006; Lipka et al. 2008).
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The PEN genes indicate that NHR is genetically 
tractable if appropriate mutation screens are 
undertaken. In addition they demonstrate that NHR is 
not necessarily as genetically complex as previously 
considered. Finally they suggest that NHR, basal defense 
and R protein mediated resistance mechanisms overlap, 
given the central role of EDS1 and PAD4 in all these 
defense mechanisms. Plant resistance can be envisaged 
as layers of defense that must be circumvented by a 
pathogen beginning with passive physical and chemical 
barriers, induced basal defense and/or NHR mechanisms 
and finally avoidance of R protein recognition (Fig. 1).

Studies on NHR to rust pathogens
A number of studies have been undertaken in 

both dicot and monocotyledonous plants to elucidate 
the molecular basis of NHR to rust pathogens. 
Microscopic analyses identified genetic variation 
amongst Arabidopsis accessions for the extent of 
fungal development of the cowpea rust pathogen 
Uromyces vignae, on this nonhost species (Mellersch and 
Heath 2003). Arabidopsis plants deficient in R protein 
signalling pathways mediated by EDS1 and NDR1 did not 
show an altered response to cowpea rust infection but 
plants deficient in salicyclic acid (sid2 and NahG) showed 
increased growth by this non-adapted pathogen 
(Mellersch and Heath 2003).

Most barley accessions, but not all, are immune to 
wheat leaf rust (P. triticina) and several other fungal rust 
species (P. hordei-murini, P. hordei-secalini, P. persistens). 
In an analysis of this “near-nonhost resistance” mapping 
families were produced between immune and rare 
susceptible parents (Jafary et al. 2008). Resistance to 
these rust pathogens was shown to be polygenically 
inherited, with substantial overlap between QTL’s for 
resistance to each rust species. Interestingly a number 
of these same QTL’s coincided with QTLs for partial 
resistance to the adapted barley leaf rust pathogen 
Puccinia hordei. No association with known R genes to 
barley leaf rust was observed (Jafary et al. 2008). 

Analysis of the infection of Arabidopsis with 
wheat leaf rust (P. triticina) demonstrated that the 
non-adapted pathogen rarely entered the leaf (Shafiei 
et al. 2007). Only 12% of germinated urediniospores 
successfully located a stomate while just 0.2% produced 
a haustorium in a mesophyll cell. Infection of a series of 
well characterized defense mutants showed no altered 
infection phenotype. However, attempted infection by 
the cereal pathogen induced the formation of reactive 
oxygen species and salicylic acid, in addition to the 
induction of several defense related genes. Variation 
in the frequency of substomatal vesicle formation was 
observed between several Arabidopsis accessions and 

a number of QTLs identified that contributed small to 
medium effects on the frequency of substomatal vesicle 
formation and guard cell death (Shafiei et al. 2007).

Prats et al (2007) concluded that the nonhost 
reaction between wheat and barley leaf rust resulted 
in a rapid programmed cell death in the early 
stages of infection. Treatment with inhibitors of the 
phenylpropanoid biosynthetic enzymes phenylalanine 
ammonia lyase and cinnamyl alcohol dehydrogenase had 
no effect on this NHR. However, treatment of plants with 
D-mannose, which reduces energy availability, reduced 
the frequency of host cell death associated with infection 
sites three days post inoculation (Prats et al. 2007).

Asian soybean rust (Phakopsora pachyrizi) has a 
different asexual infection process compared with that 
of cereal rust pathogens, in that rather than entering the 
leaf through stomata, the pathogen directly penetrates 
the leaf epidermis in a strategy similar to that of mildew 
pathogens. To this end, mutations in the PEN genes 
(pen1-3) increased fungal growth on the nonhost plant 
Arabidopsis. Fungal growth was further exacerbated in 
a pen background by mutations in jasmonic acid (jar1-
1), salicylic acid (sid2-1) and eds1 signaling pathways 
(Loehrer et al. 2008). Epidermis based, penetration 
resistance mechanisms are unlikely to be applicable 
to the asexual urediniospore phase of the wheat 
stem rust pathogen, as it enters the plant leaf directly 
through stomatal pores. However, the sexual cycle of 
the wheat stem rust fungus involves the production of 
basidiospores, the germlings of which actually penetrate 
the epidermis of Berberis species (the alternate host of P. 
graminis) (Schafer et al. 1984). Epidermal based defense 
mechanisms may therefore play a role in NHR of plants to 
sexual cycle infection structures of cereal rust pathogens.

These data indicate that an active defense response 
involving salicylic acid signaling and the production of 
reactive oxygen species is common to a number of non-
adapted rust pathogen/nonhost plant interactions.

Infection of rice with cereal rusts
A prerequisite for elucidating the NHR response 

of rice to cereal rusts was a demonstration that these 
pathogens are capable of initiating infection upon 
this species. Plant pathogens perceive potential hosts 
by a combination of physical and chemical stimuli. A 
prolonged separation of plant and parasite could result 
in absence of appropriate host signals leading to a basic 
incompatibility rather than resistance per se (Fig. 1).

Microscopic analysis of rice infected with a number 
of cereal rusts [viz. P. graminis f. sp tritici (wheat stem 
rust pathogen), P. striiformis f. sp. tritici (wheat stripe 
rust), P. recondita (wheat leaf rust), P. hordei (barley leaf 
rust) and P. sorghi (common maize rust] showed that all 
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these rust pathogens were capable of producing the 
necessary infection structures for parasitism.

These include germ tubes, appressoria, infection 
pegs, substomatal vesicles, infection hyphae, haustorial 
mother cells and haustoria (Fig. 2). 

In some instances cereal rust infection sites on 
rice were large and encompassed several hundred 
mesophyll cells (Fig. 2). The size of these larger infection 
sites argues that nutrients are being acquired by 
the non-adapted pathogen during the early phases 
of infection, given the substantial fungal biomass 
produced and presumably finite energy resources 
contained within a single urediniospore.

Further cytological analysis of the nonhost 
interaction identified the production of callose 
deposition, reactive oxygen species and 
autofluorescence surrounding some infection sites. 
These observations are indicative of an active host 
response with features similar to typical R gene 
mediated resistance. The NHR of rice to cereal rusts 
is therefore also not a consequence of either basic 
incompatibility or solely due to passive physical and 
chemical defenses. In addition, unlike the situation 
for non-adapted powdery mildew pathogens grown 
on Arabidopsis, cereal rusts can effectively enter the rice 
leaf at high frequency and produce all of the necessary 
infection structures required for parasitism. 

Strategies for isolating rice genes conferring NHR to 
wheat stem rust

To elucidate the molecular-genetic basis of rice 
NHR to wheat stem rust, several lines of investigation 
are being undertaken as part of the Borlaug Global Rust 
Initiative. A high-throughput macroscopic screen is 
being undertaken at the Cereal Rust Diseases Laboratory 
and Department of Plant Pathology, University of 
Minnesota, (USA), and Huazhong Agricultural University 
and Northwest Agriculture and Forestry University 
(China). Thousands of rice lines and landraces are being 
screened for altered macroscopic responses to infection 
with wheat stem rust isolates. Potential phenotypes 
include macroscopic lesions or possibly evidence of 
sporulation or pustule formation. Included amongst 
the germplasm to be screened are 20,000 chemical and 
irradiation-mutagenised lines from IRRI, which include 
several hundred mutant lines that have been identified 
as having impaired basal resistance to the rice blast 
pathogen (Magnaportha oryzae).

A second complementary mutation screen is being 
undertaken at CSIRO Plant Industry (Australia), which 
is similar to the Arabidopsis/non-adapted powdery 
mildew screen used to identify the PEN1-3 genes. Rice 
mutant lines from IRRI, including those having reduced 
basal resistance to rice blast, are being microscopically 
assessed for increased amounts of wheat stem rust 

Fig. 2 Formation of wheat stem rust infection structures 
on rice
A) A wheat stem rust urediniospore (s) germinated on 

the surface of a rice leaf showing a germ tube (gt) 
and an appressorium (a) over a rice stomate (not 
shown).

B) Substomatal vesicle (ssv) and infection hyphae (ih) of 
wheat stem rust within the rice apoplast.

C) Stem rust infection site in which a haustorium (h) has 
been produced within a rice leaf mesophyll cell (not 
shown).

D) A large stem rust infection site on rice. Shown on 
the leaf surface is a germinated urediniospore 
that has produced an appressorium. Immediately 
beneath the appressorium (in a different focal plane) 
are infection hyphae ramifying throughout the 
intercellular spaces, with haustoria inserted within 
mesophyll cells (not visible)
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growth prior to pathogen restriction by the NHR 
response. Although not as high-throughput as the 
macroscopic screening being undertaken, it is envisaged 
that several thousand lines will be analyzed for an 
altered rust infection phenotype.

In addition to these mutagenised lines, rice 
plants containing T-DNA insertions in homologues of 
known defense signaling genes are being analyzed 
microscopically for altered wheat stem rust infection 
phenotypes. Finally, preliminary analyses of several 
different rice cultivars suggest that reproducible genetic 
variation in NHR efficacy to wheat stem rust exists. This 
observation opens the possibility of genetically mapping 
QTL loci involved in the efficacy of this NHR response. 
F2 mapping families have been constructed and are 
currently being screened for segregation of this response.  

Potential mechanisms of rice NHR to wheat stem rust
As stated above, P. graminis f. sp. tritici and a 

number of other cereal rust pathogens, can successfully 
infect rice, and this nonhost plant responds with an 
active defense response. This observation suggests 
that this NHR to cereal rusts is not a consequence of 
basic incompatibility, and that preformed physical or 
chemical defenses alone are not sufficient to prevent 
initial infection. Prima face it would appear that induced 
defenses are likely to play a significant role in restricting 
growth of non-adapted rust pathogens on rice.

One possible explanation for the immunity of rice 
to wheat stem rust is that the non-adapted pathogen 
and nonhost plant have diverged sufficiently, such 
that stem rust no longer has the appropriate suite of 
effector molecules to suppress the basal/NHR response 
of rice. This could be a consequence of divergence of 
rice proteins that are equivalent to the targets of stem 
rust effectors in wheat. The identification of these 
host effector targets may enable the corresponding 
homologues to be isolated from rice. Alternatively, 
mutation in the rice equivalent of an essential host 
effector target may cause increased “susceptibility” that is 
detectable in mutation screens. If these rice proteins are 
capable of performing an equivalent function in wheat, 
their immunity to effector-mediated suppression may 
render wheat a nonhost to wheat stem rust, whereby the 
pathogen is suppressed by a basal defense response.

Typically induced plant defenses include the 
synthesis of antimicrobial compounds such as 
phytoalexins and degradative enzymes like chitinases. 
If the molecular suite of these compounds produced 
by rice is sufficiently different from that produced 
by wheat during rust infection, it may explain rice 
immunity to cereal rusts and the suppression of 
pathogen infection by the basal defense response. The 

observation that the PEN2 and 3 genes are involved 
in glucinosylate biosynthesis and callose deposition 
and that PEN1 targets vesicles potentially containing 
antimicrobial compounds to the site of pathogen 
infection, is consistent with phytoalexins playing 
a role in NHR to non-adpated mildew pathogens. 
The mapping studies in barley by Jafary et al. (2008) 
suggesting an overlap between adult plant resistance/
partial resistance to adapted pathogens and resistance 
to “near nonpathogens” is of interest. Partial resistance 
mechanisms to adapted pathogens are poorly 
understood, but the recent demonstration that the 
wheat leaf rust Lr34 adult plant resistance gene encodes 
an ABC transporter suggests a role for antimicrobial 
compounds in this resistance (Krattinger et al. 2009). 
Mutations in rice genes encoding transporters, synthesis 
enzymes or regulators of antimicrobial compounds may 
allow increased growth of wheat stem rust on rice.

The production of reactive oxygen species and cell 
death are often hallmarks of programmed cell death 
evoked by R gene mediated resistance. The observation 
that a double Arabidopsis mutant (pen3 eds1), deficient 
for both penetration resistance and signalling by some 
R proteins, is a virtual host of non-adapted mildew 
pathogens suggests a possible role for R gene mediated 
resistance in NHR. Similarly, the transfer of the maize 
Rxo1 gene, which confers resistance to the adapted 
bacterial pathogen Burkholderia andropogonis, into rice 
where it confers resistance to Xanthomonas oryzae pv. 
oryzicola, a nonpathogen of maize, implicates a role for R 
genes in NHR (Zhao et al. 2005).  This is the first example 
of successful transfer of NHR between species to address 
a practical problem in rice, where no specific resistance 
to Xanthomonas oryzae pv. oryzicola has yet been found 
in rice germplasm.  A hypothetical mechanism for the 
NHR of rice to wheat stem rust is a suite of conserved 
R genes in rice that recognise conserved effectors, or 
effector domains, found in all wheat stem rust isolates. 
This natural R gene pyramid could potentially provide 
durable resistance to all wheat stem rust isolates and 
make wheat a nonhost of this pathogen.

The NHR of rice to cereal rusts is almost certainly a 
polygenic trait. The ability to dissect this process using 
mutagenesis is dependent upon at least some of these 
genes providing additive effects that are not entirely 
functionally redundant. A large suite of co-dominant 
R genes in rice that are effective against all wheat 
stem rust isolates would be very difficult to resolve by 
conventional mutation approaches. Mutations in rice 
homologs, of known defense signaling molecules, could 
provide evidence for the existence of such a pyramid, 
but it would not enable the actual R genes involved to 
be identified. 
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An alternative strategy for identifying such 
genes may be to indentify wheat stem rust molecules 
that function as elicitors in rice and identify each 
individual elicitor receptor in rice by mutation and map 
based cloning. Recent advances in high-throughput 
identification of pathogen elicitors using microbial 
delivery systems makes this approach more feasible 
(Sohn et al. 2007; Rentel et al. 2008). An alternative, but 
extremely ambitious approach would be to introduce all 
600 rice NBS-LRR genes (Goff et al. 2002) into wheat and 
determine if subsequent transgenics had resistance to 
wheat stem rust.

The question then arises as to how frequently rice 
proteins, be they R proteins or homologues of effector 
targets or involved in antimicrobial production, can 
function in a heterologous wheat recipient. Numerous 
examples exist amongst Solanaceous species whereby 
NBS-LRR genes have been transferred between species 
and shown to function, albeit with recognition of the 
same effector ligand in both the donor and recipient 
species. However, the transfer of R genes between dicot 
species from different families was often unsuccessful, 
leading to the postulation of “restricted taxonomic 
functionality” of R genes (Tai et al. 1999). Amongst cereal 
species, all of which are members of the Poaceae, two 
examples of R gene transfer between species have been 
reported, one of which was successful (Zhao et al. 2005) 
and one of which was unsuccessful (Ayliffe et al. 2004). 
The general applicability of R gene transfer between 
cereal species is therefore poorly defined. The ability of 
rice homologs of stem rust effector targets to function 
in wheat is unknown. However, the engineering of 
phytoalexin pathways in wheat is a distinct possibility.

A final point of concern is that if the NHR of rice to 
wheat stem rust is due to an R gene pyramid, haphazard 
deployment of individual rice genes into wheat could 
potentially result in multiple, single-step selections 
for a rust isolate that could actually parasitize rice. The 
possibility of compromising rice NHR to cereal rusts 
by the deployment of rice homologs of rust effector 
targets seems less likely. The large number of effectors 
introduced into host cells by plant pathogens (see Tyler 
2009) argues that multiple basal defense pathways 
need to be overcome for true pathogenicity. This would 
demand multiple rice genes to be introduced into 
wheat to circumvent entirely effector suppression of 
basal defense.

In summary, the feasibility of exploiting the NHR 
mechanisms of rice to cereal rusts, in other cereals 
like wheat, remains to be determined. Demonstrating 
heritable phenotypes in rice in response to rust infection 
will be a critical first step. Our preliminary observations 
suggest that measurable phenotypic differences exist 

among rice genotypes. The large store of natural and 
induced variation available in rice greatly increases 
the likelihood of detecting genetic differences in NHR 
characteristics amongst germplasm and mutants.  
Regardless of the outcome, the underlying molecular 
basis of this atypical cereal NHR to rust diseases is a 
question of great scientific interest.
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