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Abstract Genes which confer partial resistance to

the rusts in wheat figure prominently in discussions of

potential durable resistance strategies. The positional

cloning of the first of these genes, Lr34/Yr18 and

Yr36, has revealed different protein structures, sug-

gesting that the category of partial resistance genes,

as defined by phenotype, likely groups together suites

of functionally heterogenous genes. With the number

of mapped partial rust resistance genes increasing

rapidly as a result of ongoing advances in marker and

sequencing technologies, breeding programs needing

to select and prioritize genes for deployment confront

a fundamental question: which genes or gene com-

binations are more likely to provide durable protec-

tion against these evolving pathogens? We argue that

a refined classification of partial rust resistance genes

is required to start answering this question, one based

not merely on disease phenotype but also on gene

cloning, molecular functional characterization, and

interactions with other host and pathogen proteins.

Combined with accurate and detailed disease pheno-

typing and standard genetic studies, an integrated

wheat-rust interactome promises to provide the basis

for a functional classification of partial resistance

genes and thus a conceptual framework for their

rational deployment.

Keywords Puccinia � Triticum aestivum � Partial
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Introduction

The cereal rusts (Puccinia spp.), caused by highly

specialized Basidiomycetes within the order Uredi-

nales, are among the most destructive plant diseases,

responsible for recurrent episodes of catastrophic

yield loss and economic hardship among grain-based

agricultural societies for centuries. Within this broad

class of diseases, stem rust (SR: causal organism

P. graminis Pers. f. sp. tritici), stripe rust (YR: causal

organism P. striiformis f. sp. tritici), and leaf rust

(LR: causal organism P. triticina) of wheat (Triticum

aestivum) are prominent in their historic relevance to

agricultural productivity. While it is possible to

mitigate losses to these pathogens through the timely

application of fungicides, the low profitability of

wheat production cannot sustain such costly inputs

under many dryland situations. Consequently, empha-

sis has long been placed on the identification and

deployment of genetic sources of resistance.

Major resistance genes

Most of the resistance genes discovered and deployed

in defense against the wheat rusts are classified as

major resistance genes. Also known as seedling
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resistance, vertical resistance, all-stage resistance, or

race-specific resistance genes, major genes confer

effective levels of resistance against specific physi-

ologic races of the pathogen, generally throughout the

life cycle of the host. In terms of disease phenotype,

major resistance genes are often associated with a

rapid programmed death of infected cells, a so-called

‘‘hypersensitive response’’ thought to play a role in

limiting the expansion of biotrophic pathogens in the

host tissue. Major resistance genes have been

systematically investigated since the first such genes

(e.g. Pto from tomato and RPS2 from A. thaliana)

were cloned in the early 1990’s (Martin et al. 1993;

Bent et al. 1994; Mindrinos et al. 1994). In the

monocots, nine genes conferring resistance to Pucci-

nia spp. have been cloned, with most exhibiting the

form of intracellular receptors with a common NBS-

LRR structure (nucleotide binding site ? leucine rich

repeat domain) (see Table 1). The proposed mecha-

nisms of race-specificity and the actions of such

major genes, including R-Avr gene interactions and

the guard hypothesis, have been discussed in detail in

previous papers and reviews (e.g. Hulbert et al. 2001;

Jones and Dangl 2006; Bent and Mackey 2007).

The traditional emphasis on major gene resistance

is understandable for many reasons:

1. Major genes are effective: such genes have,

without question, provided significant economic

benefits to wheat growers, as illustrated by the

decades-long protection provided by the now-

defeated stem rust resistance gene Sr31;

2. They are relatively easy to identify and deploy:

breeding for single-gene resistance is much

simpler than breeding for oligo/polygenic

resistance;

3. They are historically easier to combine: in the

absence of clear additivity of the resistance

conferred by different genes and in the absence

of good molecular markers, race-specific disease

phenotypes facilitate the efficient introgression

and stacking of major genes using panels of

different rust races;

4. They provide clear levels of protection: ‘‘Resis-

tance’’, rather than ‘‘tolerance’’, has long been

held as an agronomic goal.

Despite these clear historic advantages, however,

major resistance genes frequently lacked ‘‘durability’’,

that is, the ability of a widely-deployed resistance

gene to provide an economic level of protection over

an extended period of time (Johnson 1984). To

illustrate this fact, consider that of the approximately

70 identified major genes for resistance to stripe rust,

only three (Yr5, Yr15, and Yr24/26, each neither

widely nor long-deployed) remain effective against

all detected races of the pathogen in the United States

(Chen 2007). With the Ug99 family of stem rust races

Table 1 The structures of known genes conferring resistance to Puccinia spp. in cereals (Cloutier et al. 2007; Brueggeman et al.

2008; Fu et al. 2009; Krattinger et al. 2009; updated from Ayliffe and Lagudah 2004)

Species Gene Putative gene product Disease

Major resistance genes with known or predicted race specificity

Wheat Lr1 CC-NBS-LRR Leaf rust

Lr10 NBS-LRR Leaf rust

Lr21 NBS-LRR Leaf rust

Maize Rp1-D NBS-LRR Leaf rust

Rp3 NBS-LRR Leaf rust

Barley Rpg1 Kinase-kinase Stem rust

Rpg5 NBS-LRR-Kinase Stem rust

Partial resistance genes with possible race non-specificity

Wheat Lr34/Yr18/Pm38 ABC transporter Leaf rust/stripe rust/powdery mildew

Yr36 Kinase-START Stripe rust

Despite the general trend presented here, lack of durability is not exclusively or even necessarily associated with the NBS-LRR forms

of resistance genes, as illustrated by the emergence of pathotype Pgt-QCC virulent on the long-deployed barley stem rust resistance

gene Rpg1 (a protein kinase) (Martens et al. 1989; Jin et al. 1994; Brueggeman et al. 2002) and the current efficacy of the leaf rust

resistance gene Lr21 (an NBS-LRR gene of limited deployment) against all known races of leaf rust (Huang et al. 2009)
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diversifying (Jin et al. 2008, 2009),1 and with nearly

80 races of stripe rust with new virulence patterns

appearing in the United States alone since 2000,2 it is

generally agreed that the defeat of major genes is no

longer a question of ‘‘if’’ but ‘‘when’’ and that the

need for alternative defense strategies is pressing.

Specifically, these recent epidemics have reinvigo-

rated interest within the wheat breeding and research

communities in partial resistance genes as sources of

potentially more durable resistance.

Partial resistance genes

Genes which confer partial resistance to the cereal

rusts are variously referred to as race non-specific,

(high-temperature) adult plant, horizontal, or slow-

rusting resistance genes. Generally speaking, which-

ever term is used, partial resistance is understood to

mean a form of resistance that is not complete (i.e. all

stages of the infection process can occur, including

sporulation), is not associated with a rapid hypersen-

sitive response, is not equally effective throughout all

stages of host development (e.g. it is often undetect-

able at the seedling stage), and is not known to be

limited to specific physiologic races of the pathogen.

In other words, partial resistance is a catch-all

designation which has come to mean any form of

resistance that is not ‘‘major’’. As such, the term

likely groups together disparate classes of function-

ally heterogenous resistance genes and provides very

little information regarding their functional related-

ness, combinability, or potential durability.

The recent cloning of the first two partial rust

resistance genes in wheat, namely the pleiotropic leaf

rust/stripe rust/powdery mildew resistance gene Lr34/

Yr18/Pm38 (Krattinger et al. 2009) and the stripe rust

resistance gene Yr36 (Fu et al. 2009), provides

support to the hypothesis that partial rust resistance

genes comprise a heterogeneous group of functionally

diverse genes. The historically durable resistance gene

Lr34/Yr18/Pm38 encodes a protein with homology to

ATP-binding cassette (ABC) transporters, a transking-

dom superfamily of transmembrane proteins involved

in the transport of a wide variety of substrates across

cellular membranes (Krattinger et al. 2009). In addi-

tion to its structure (non-NBS-LRR) and longstanding

durability (more than 50 years), other pieces of

evidence suggest that the partial resistance conferred

by Lr34/Yr18 is truly race non-specific. To begin, its

pleiotropic effect against leaf rust, stripe rust, and

powdery mildew (another fungal disease caused by the

biotroph Blumeria graminis) indicates that the gene is

in fact species non-specific. The gene is also associ-

ated, even in non-challenged tissue, with leaf-tip

necrosis (Singh 1992), a constitutive physiological

characteristic at odds with the needs of biotrophic

pathogens.

The other recently-cloned slow-rusting gene, con-

ferring partial resistance to wheat stripe rust, is the

high-temperature adult plant (HTAP) gene Yr36.

Based on its sequence, this gene encodes a protein

with a kinase domain linked to a steroidogenic acute

regulatory protein-related lipid transfer (START)

domain predicted to bind lipids. The novelty of this

protein architecture is evidenced by the fact that these

two domains are not found together in any protein

from any organism currently deposited in GenBank.

While race non-specificity for Yr36 is suggested

based on the resistance it confers against the few

broadly-virulent pathotypes tested to date (Fu et al.

2009), claims about the durability and race non-

specificity of Yr36 will need to wait for its wider and

longer deployment in commercial varieties.

The gene-for-gene hypothesis of host-pathogen

compatibility (Flor 1942, 1956), inspired by and

relevant to the major class of race-specific NBS-LRR

genes, provided an appropriate conceptual framework

for the rust research community for many decades.

But as the focus of research expands to encompass

non-NBS-LRR sources of partial resistance and the

potential achievement of more durable resistance

through their strategic deployment, a new conceptual

framework is required. Assuming the first two cloned

partial resistance genes are any indication of the

diversity of genes involved, such a new framework

will be neither as simple nor as predictive of the

1 The rapidly migrating and evolving TTKS (or Ug99) lineage

of Pgt races, first detected in East Africa in 1999, is an

international concern due to the virulence of various of its

members to stem rust resistance genes Sr31, Sr24, and Sr36
(Pretorius et al. 2000; Jin et al. 2008, 2009).
2 Since the year 2000, two closely-related and aggressive

groups of Pst races characterized by virulence to Yr8 and Yr9
have rapidly spread around the globe. Being adapted to warmer

temperatures, these races have expanded the historical range of

the disease in North America and have contributed to rust

epidemics in several parts of the world (Chen 2005, 2007;

Hovmoller et al. 2008; Markell and Milus 2008; Milus et al.

2009).
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protein structures of resistance genes as the gene-for-

gene model. Fortunately, technologies more truly

commensurate with the complexity of the Triticum-

Puccinia interactions are becoming available, raising

the possibility of a more meaningful classification of

non-major resistance genes.

The quest for more durable resistance

While durability is not necessarily associated with

partial resistance, as illustrated by the emergence of

virulent races of P. striiformis f. sp. tritici on the

partially resistant varieties Joss Cambier, Maris

Bilbo, and others (Johnson 1978), several partial

resistance genes have historically played central roles

in durable resistance strategies. Examples of the

longstanding effectiveness of combinations of partial

resistance genes include the cv. Stephens-type resis-

tance to stripe rust (Santra et al. 2008), the protection

provided by the slow-rusting Sr2 complex to stem

rust (Singh et al. 2006), and the widespread combi-

nation of Lr13 and Lr34 for leaf rust (Kolmer 1996).

Other combinations of partial resistance genes in the

CIMMYT breeding program have conferred adequate

resistance to leaf rust in the field for several years

(Singh et al. 2000). Indeed, the potential importance

of partial resistance genes in achieving durable

protection against the cereal rusts has gained great

traction since its first observation over 50 years ago

(Caldwell et al. 1958; Johnson 1981) and today

serves as a rough guiding principle to many research

and breeding programs.

This renewed interest in partial resistance has

accelerated the discovery rate of partial resistance

QTL. In the last two years alone, more than 20 QTL

conferring some degree of quantitative resistance to

wheat stripe rust were reported (Cheng and Chen

2008; Chhuneja et al. 2008; Guo et al. 2008; Melichar

et al. 2008; Rosewarne et al. 2008; Santra et al. 2008;

Carter et al. 2009; Dedryver et al. 2009; Lu et al.

2009). These QTL present breeders with the possi-

bility of over 1,000 unique three-QTL combinations,

a number far beyond the realm of investigation. With

the development of ever more precise and affordable

molecular markers, it is also possible to deploy

combinations of partial and major resistance genes,

further increasing the number of available breeding

options. How should a breeding program, constrained

by limited resources, respond to such data overload?

To answer this question, a means of predicting the

relative durability of combinations of resistance

genes is needed. In this paper, we argue that a

research program capable of achieving this objective

will seek to answer the following basic questions:

1. Can partial resistance genes be assigned to

functional classes predictive of their contribu-

tions to overall resistance in resistance gene

combinations?

2. Are combinations of resistance genes from

different functional classes more or less durable

than combinations of genes from the same

functional class?

A systems biology approach

Research on model organisms, from E. coli to

A. thaliana to S. cerevisiae, has revealed certain

fundamental properties of biological systems worth

noting (Ideker et al. 2001; Kitano 2002; Mustacchi

et al. 2006; Van Norman and Benfey 2009). First and

foremost among these is this guiding principle from

the field of systems biology: biological systems are

more accurately modeled as adaptive, environmen-

tally-responsive networks of highly connected nodes

rather than as collections of rigidly-defined biochem-

ical pathways populated by dedicated, single-function

gene products (Benfey and Mitchell-Olds 2008). One

implication of this insight is that far more will be

required than the phenotypic, or even genetic,

characterization of individual resistance genes if we

are ever to understand, and thus conceivably engi-

neer, reliably durable resistance to the wheat rusts.

As expounded in detail throughout the remainder of

this paper, a more integrated, systems-oriented

approach to these host-pathogen systems is necessary

to generate a meaningful functional classification of

partial resistance genes and thus provide a much

needed conceptual framework for their deployment

(Fig. 1).

The necessary first step: cloning partial resistance

genes

Cloning partial resistance genes is the minimum

requisite entry-point into a systems biology-oriented
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research program dedicated to the functional classi-

fication of partial resistance genes; thus we assert that

a short-term objective of the rust research community

should be to build a catalog of cloned host genes

associated with partial resistance under field condi-

tions. Cloning genes and determining the allele(s)

responsible for the resistance associated with a given

genetic locus provides valuable information at multi-

ple levels, making possible:

1. The more efficient introgression of a gene into

multiple backgrounds using the allele itself as a

diagnostic (perfect or functional) marker in

MAS;

2. The systematic characterization of allelic diver-

sity in germplasm collections to identify other

functional resistance alleles (allele mining);

3. The efficient screening of breeding lines and

varieties to determine the presence and frequency

of resistance and susceptibility alleles in breed-

ing programs;

4. A functional characterization of the gene based

on its expression and translation profiles, its

cellular localization, and the molecular interac-

tions of its protein product;

5. The use of transgenic methods to accelerate the

development of experimental isogenic lines (for

environmental and epistatic studies), to develop

insertable single-locus cassettes of multiple

resistance genes, and to test the phenotypic and

molecular effects of gene over-expression and

down-regulation.

Fortunately, numerous technologies are converg-

ing to significantly decrease the cost of cloning

genes in wheat. Large collections of mapped

expressed sequence tags (ESTs), single nucleotide

polymorphisms (SNPs), restriction fragment length

Fig. 1 Cloning the genes underlying broadly effective partial

resistance loci is the required point of entry into a research

program dedicated to the functional characterization of rust

resistance genes in wheat. Cloning permits the rapid assess-

ment of allelic diversity in both research and breeding

materials and is thus necessary for the thorough identification,

evaluation, and utilization of natural sources of resistance.

Cloning also opens the possibility of more extensive and

unbiased phenotypic characterizations which take advantage of

high-throughput molecular platforms. Once genes are known,

their encoded proteins can be placed within interaction

networks to which strategic perturbations may be applied,

thereby facilitating their functional characterization. Expansion

of the interactome to include pathogen proteins offers an

additional means of identifying network perturbation targets

and assessing the likelihood of true race non-specificity.

Integrated with classical phenotypes and rigorous epistatic

studies, such information can help prioritize gene combinations

for breeding and is likely our best chance to predict and

engineer durable resistance. Breeding programs benefit from

and are in a position to assist such basic research at all stages,

both short- and long-term. (QTL quantitative trait locus,

AUDPC area under the disease progress curve)
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polymorphisms (RFLPs), and microsatellites (SSRs)

make the wheat genome one of the most densely-

mapped among those yet to be sequenced fully

(Keller et al. 2005). The sequences of these mapped

markers serve as anchors to the full reference

genomes for rice (International Rice Genome

Sequencing Project 2005) and Brachypodium (Inter-

national Brachypodium Initiative 2010), making

possible the relatively rapid construction of high-

density maps by enabling, via comparative genom-

ics, the development of molecular markers targeted

to specific genomic regions. The construction of

local physical maps is further facilitated by the

availability of reference physical maps of Aegilops

tauschii (wheatdb.ucdavis.edu) and some T. aes-

tivum chromosomes (Paux et al. 2008) as well as by

major advances in sequencing technologies (for a

review, see Metzker 2010). By generating DNA

sequence data in a massively parallel fashion at

substantially lower cost than traditional Sanger

sequencing approaches, next generation sequencing

(NGS) platforms greatly simplify the sequencing of

local wheat genomic regions and thus substantially

reduce the cost of map-based cloning in wheat.

These NGS platforms also accelerate efforts to

sequence the complete wheat genome, as evidenced

by the recent availability of a 59 454 sequence

of the reference genotype Chinese Spring (www.

cerealsdb.uk.net/search_reads.htm).

Beyond disease phenotype, toward a functional

classification of resistance genes

By necessity, the early rust researchers and breeders

relied upon macroscopic host phenotype as the single

lens through which to view host-pathogen interac-

tions and to guide breeding strategies. Even today,

the visible disease response of differential host lines

serves as the primary means by which pathogen

variability is investigated, the durability of deployed

major resistance genes is monitored, and the potential

utility of major gene combinations, given current

pathotypes, is postulated. Once a partial resistance

gene is cloned, however, it becomes possible to view

and characterize host-pathogen interactions in new

and powerful ways. For example, mutants or RNAi

transgenic lines with altered transcript levels (see

review by Fu et al. 2007) can be developed to

investigate the function, not just the associated

phenotype, of a cloned resistance gene. Through

transcriptome (using NGS), proteome, and metabolo-

me comparisons of wild type and mutant or RNAi

transgenic lines, cloned partial resistance genes may

begin to be classified according to which defense

responses and metabolic pathways they activate (Eul-

gem 2005; Glazebrook 2005), whether they induce or

inhibit programmed cell death (Tsunezuka et al. 2005),

and the chemical nature of their associated secondary

metabolites (Fiehn 2002). As a complement to these

molecular strategies, traditional histological analyses

of fungal structures at different time points after

inoculation continue to offer a valuable means of

discriminating resistance genes based upon the stages

at which they are observed to impair disease develop-

ment. For example, while Lr34/Yr18 is reported to

condition prehaustorial resistance (Rubiales and Niks

1995), Yr36 greatly restricts the post-haustorial spread

of the fungus through the host tissue and is associated

with the increased presence of autofluoresecent meso-

phyll cells (Fu et al. 2009). Ultimately, a meaningful

classification of partial resistance genes will make use

of all available descriptive information, from classical

disease phenotype to traditional histological charac-

terization to the numerous forms of molecular profil-

ing made possible only once such genes are cloned.

Cloned genes as entry-points to defense-related

gene networks

Non-covalent interactions among proteins are funda-

mental to all biological processes, including defense

response signaling (Morsy et al. 2008). Determining

how a resistance protein interfaces with protein–

protein interaction networks (i.e. regions or neigh-

borhoods within the host’s interactome, its complete

universe of interacting proteins) can greatly improve

our understanding of its biological functions and

further facilitate the functional characterization of the

gene by linking it physically to different signal

transduction or metabolic pathways that contribute to

the partial resistance phenotype. By placing resis-

tance genes within their associated gene networks,

new regulators of defense responses that are effective

against rust pathogens may be identified.

The rice defense interactome has already proven

to be a powerful tool for dissecting the signal

transduction pathway of Xa21, a defense gene which

confers resistance to bacterial leaf blight of rice
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(Song et al. 1995). By extending the interactome

network centered on Xa21, new defense response

proteins have been identified, revealing insights into

the signal transduction pathways governing disease

resistance (Wang et al. 2006; Park et al. 2008; Peng

et al. 2008). Interactome network maps can be

developed using high-throughput protein–protein

interaction studies and then validated by multiple

orthogonal in vivo and in planta interaction methods

(Cusick et al. 2005; Morsy et al. 2008). For example,

large-scale screening for interacting proteins and the

construction of protein interactomes can be accom-

plished using a yeast-two-hybrid screen of whole

cDNA libraries (Ding et al. 2009) or via large-scale

mass spectrometry of tandem affinity purified-tagged

proteins (Rohila et al. 2006). In wheat, yeast-two-

hybrid libraries have been developed from stripe

rust-infected leaves and are now being used to

construct the local Yr36 interactome (collaboration

between J. Dubcovsky and P. Ronald laboratories).

Defining the interactome neighborhoods around

cloned resistance genes may make it possible to

identify local network hubs (or nodes) that, in a very

direct sense, could serve as bases for the mechanistic

classification of resistance genes (i.e. functional

relatedness). For example, the trimeric molecular

chaperone HSP90-SGT1-RAR1 physically interacts

with and is known to be required for the resistance

mediated by many NBS-LRR resistance genes such

as Mla6 and Mla12, effective against powdery

mildew in barley (Zhou et al. 2001; Azevedo et al.

2002), and Lr21, effective against leaf rust in wheat

(Scofield et al. 2005; Seo et al. 2008; Shirasu 2009).

Phenotypic and molecular characterizations of iso-

genic lines (with and without the target resistance

gene) under systematic perturbations or disruptions

of the HSP90-SGT1-RAR1 complex could permit

the characterization of resistance genes as either

HSP90-SGT1-RAR1-dependent or HSP90-SGT1-

RAR1-independent, a functional characterization that

would either group or distinguish resistance genes

from one another. Such a characterization has already

been achieved for the known Mla powdery mildew

resistance genes in barley (Zhou et al. 2001); and

with mutagenized TILLING populations, the devel-

opment of analogous network-disrupted genetic

stocks can readily be achieved in wheat. Indeed,

RAR-A1 and RAR-B1 mutants have already been

identified within our tetraploid TILLING population

(Uauy et al. 2009) and are now being combined for

the purpose of such studies (Chen and Dubcovsky,

unpublished). By allowing mutation densities that are

significantly higher than those possible in diploid

species (Uauy et al. 2009), the polyploid nature of

wheat greatly facilitates the development of TILL-

ING populations, making TILLING, along with

RNAi transgenic strategies, an ideal tool for strate-

gically imposing perturbations to interactome net-

work nodes.

Due to the complexity, flexibility, and redundancy

of biological interaction networks, it will be no trivial

task to identify other critical nodes with the capacity,

under targeted mutagenesis, to drive phenotypic

changes (Benfey and Mitchell-Olds 2008) and thus

provide meaningful bases for the functional charac-

terization of resistance genes. Thorough character-

ization of the metabolic pathways induced under

partial resistance interactions will be necessary to

identify such nodes in the network neighborhoods of

cloned resistance genes. Ultimately, a characteriza-

tion of resistance genes in terms of their associated

network nodes may serve as a viable conceptual

framework for assessing functional relatedness and

predicting the long-term durability of resistance gene

combinations.

Extending the interactome: clues from the

pathogen

While local networks of host proteins that interact

with identified resistance genes can provide a valuable

means of classifying genes in terms of mechanism, the

full power of a systems biology-oriented research

program on the wheat rusts will be realized only once

the interactome is extended to the larger pathosystem

by including interactions with pathogen proteins.

Host defense responses that limit infection often

initiate through the recognition by plant surveillance

mechanisms of pathogen-associated molecular pat-

terns, pathogen effectors, or modifications induced by

the pathogen in the host (Jones and Dangl 2006). Thus

the successful biotrophic lifestyle of the rusts likely

depends upon the ability of the pathogen to avoid or

suppress host defenses via perturbation of critical

nodes of the defense response pathways, the very

nodes that hold promise as the basis for the functional

classification of resistance genes. By using cloned
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resistance genes and other host genes within their

local interactome neighborhoods as bait to screen

yeast-two-hybrid libraries of rust-infected susceptible

wheat leaves, it is possible to identify molecules

within the pathogen secretome that interact with

single host proteins. In this way, pathogen effectors

can help pinpoint critical nodes in the disease

resistance interactome that are promising targets for

subsequent perturbation studies and potential classi-

fiers of resistance gene function.

Other recent discoveries and technological

advances promise to further accelerate the discovery

rate of wheat rust effectors. The previously known

method of isolating haustoria by affinity chromatog-

raphy from infected plant material (Hahn and Mend-

gen 1997) can now be combined with NGS to obtain

a detailed inventory of Puccinia genes expressed in

haustoria. Indeed, expressed sequence tags (ESTs)

were recently generated from RNA extracted from

isolated haustoria of P. striiformis f. sp. tritici (Yin

et al. 2009); and we anticipate that NGS efforts will

exponentially increase the number of known hausto-

rially expressed genes. Bioinformatics tools can then

be applied to identify in silico the subset of hausto-

rially expressed genes that are likely, based on

conserved motifs, to be secreted (Emanuelsson

et al. 2007). In addition, recent studies in oomycetes

and fungi suggest that conserved motifs in the

N-terminus of effectors are necessary for delivery

of pathogen-produced proteins into plant cells (Dou

et al. 2008; Kale et al. 2010). These motifs, thought to

be required for binding to particular phosphatidyl

inositol phosphates, are hypothesized to facilitate

host cell penetration via endocytosis and endosome

formation (Kale et al. 2010). By screening the subset

of putatively secreted haustorial proteins with these

additional motifs, the list of candidate effectors can

be restricted further. Once potential effectors are

identified, high-throughput functional in planta tran-

sient expression assays can be performed to assess

their activities and their allelic variants in different

host genetic backgrounds, as was recently done with

62 Phytopthora infestans RXLR effector clones (Oh

et al. 2009) and with effectors of multiple pathovars

of Pseudomonas and Ralstonia spp. (Wroblewski

et al. 2009).

Finally, with comparative genomics studies within

and among virulent and avirulent races already

proving useful in identifying potential pathogenicity

factors in Fusarium graminearum (Cuomo et al. 2007;

Ma et al. 2010) and Ustilago maydis (Kämper et al.

2006), whole-genome sequencing of Puccinia species

also holds much promise. Fully sequenced reference

genomes of both P. graminis and P. triticina are

annotated and publically available (http://www.

broadinstitute.org/annotation/genome/puccinia_group/

MultiHome.html); and, from our laboratory, an

un-annotated draft of the P. striiformis race PST-130

genome will soon be available through GenBank

(Whole Genome Shotgun project: AEEW00000000)

(Cantu et al. submitted). Such resources open the

possibility of surveying across races the variation in

pathogen molecules that interact with host proteins.

Since resistance response pathways which initiate

upon recognition of highly conserved regions of

pathogen molecules are more likely to contribute to

durable (i.e. race non-specific) resistance strategies

than those which initiate upon recognition of more

variable regions, such a survey offers a potential

means of assessing the race-specificity, and therefore

the potential durability, of any given resistance gene.

Gene combinations and predicting the durability

of deployed resistance

As illustrated by the complementary gene pair

Lr27 ? Lr31 (Singh and McIntosh 1984a, 1984b),

the combined performance of any given set of rust

resistance genes is not strictly predictable at the outset.

Therefore, if the ultimate objective is to engineer

maximally durable resistance via strategic combina-

tions of resistance genes, each conferring some partial

degree of race non-specific protection, the functional

characterization described above for single resistance

genes will need to be extended systematically to

isogenic lines carrying factorial combinations of

cloned genes. Toward this end, the molecular charac-

terization of resistance gene combinations should

be complemented with classical epistatic interaction

trials (e.g. see Kloppers and Pretorius 1997) to assess

not only the effects of various gene combinations on

the resistance response but also their effects on overall

host fitness. While long-term durability of resistance

may lie in a strategy of stacking resistance genes that

are as functionally diverse as possible, studies in other

pathosystems indicate that crosstalk among various

defense and abiotic stress pathways, even those that

are not constitutively expressed, may lead to overall
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decreases in host fitness (Bostock 2005). We argue that

a core objective of future research on rust resistance

should be determining the optimal degree of functional

relatedness of resistance genes to insure the long-term

durability of deployed gene combinations.

In the meantime, the early transfer of validated and

well-mapped QTL combinations to breeding pro-

grams will provide an invaluable venue for exten-

sively phenotyping genes and gene combinations

over a broad range of environments and genetic

backgrounds. In this way, breeding programs can

provide an efficient means of systematically assessing

the breeding values of these sources of resistance

while simultaneously generating the data needed for

developing a theory of durability based on functional

relatedness. Of course, rigorous evaluation of the

effect of cloned resistance gene(s) on host phenotype

under disease pressure will ultimately require the

development and comparison of nearly isogenic lines

in multiple genetic backgrounds.

Conclusions

As the catalog of reported QTL for partial resistance

to the wheat rusts continues to swell, the need for a

practical guiding theory of resistance gene combin-

ability and predicted durability increases. Such a

theory, if achievable, is the long-term promise of a

systems biology-oriented research program commit-

ted to the functional characterization of partial

resistance genes. The necessary genomic resources

and molecular technologies to facilitate such an

approach in the wheat-rust pathosystem are now

available, making it possible to clone partial resis-

tance genes and effectors, to determine their interac-

tion networks, and to systematically perturb critical

nodes within those networks. By successfully inte-

grating these core research activities with compara-

tive genomics studies of Puccinia spp. and classical

phenotypic, genetic, and epistatic interaction data, the

functional relatedness of resistance genes and the

variability of their associated pathogen effectors may

serve as a powerful organizing principle for probing

and eventually understanding the phenomenon of

durable resistance.
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