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Plant breeding for disease resistance in the age
of effectors

Plant breeding and plant pathology have long been
interdependent, sibling disciplines. Furthermore, plant
breeding for disease resistance has always been a
central plank in our quest for effective crop protec-
tion. Nonetheless, the fact that E.C. Large’s lament
(Large 1940)—first published in 1940—still rings
very true, makes us wonder whether we have really
made much progress.

“So much spraying and dusting of the crops with
chemical mixtures! So much particularized re-
search into the ways of destructive insects and
parasitic fungi and nameless viruses! So much
elaborate crossing and back-crossing between
strains of agricultural plants in attempts to breed
varieties that might escape some, but never all,
of the parasites that lie in wait for them! Infinite
patience for every small achievement; control
measures that were often costly, or that
demanded closely-knit collaboration between
farmers, research workers and governments to
make them effective!

“Was there no simpler and more direct way of
raising healthy crops? No general safeguard or
panacea against all the murraines to which they
were heir?” (Large 1940)

Plant breeding is not concerned only with disease
resistance, but also with local adaptation, resistance to
abiotic stresses, quality and yield. Similarly, while plant
pathologists often regard genetic disease resistance as
the best means of attack, agronomic practices—crop
hygiene, rotations and tillage—and chemical control are
also effective and necessary components of productive
agricultural systems.

In this editorial, I will examine the role of plant
pathologists in plant breeding and how it could more
closely reflect the advances made, particularly in
molecular aspects of plant pathology.

The traditional role of the plant pathologist in
breeding can be said to be encapsulated in the work of
William Farrer (McIntosh 2007), who combined the
role of breeder and pathologist. His success in
combining good bread-making qualities with rust
resistance (in wheat) laid the foundation of Australian
grain productivity. That this was done in the period

1895 to 1906, prior to the rediscovery of Mendel, is
truly remarkable. The selection of rust-resistant
germplasm and lines was entirely phenotypic and
was based primarily on selecting early maturing lines
that set seed and filled prior to major infections. As
rust is such a visible disease and because it was being
treated as a single entity, it was not hard to detect rust-
resistant wheat.

The role of the pathologist in selecting and
evaluating disease-resistant lines by phenotypic selec-
tion has continued to this day, but with steeply
increasing complexity. Foliar biotrophic pathogens,
such as the rusts and powdery mildews, represent the
easiest pathogens to visualize but they also exist in
the highest number of physiologic races. Hence the
number of assessments has to be multiplied by the
number of races. The age of the plant also affects
the response, again multiplying the complexity and
costs. In regions with high disease pressure, it can be
challenging to create a control uninfected plant
without the use of pesticides, many of which are
known to have other confounding effects. Finally,
while visual symptoms are straightforward to score,
the link between degree of symptoms and yield or
quality penalty is rarely well established.

Foliar biotrophic pathogens pose serious chal-
lenges, but these are outweighed by the difficulty in
assessing disease to necrotrophic foliar pathogens
such as those caused by Dothideomycete fungi
(Friesen et al. 2008a) and even more so to pathogens
of the stem, crown and root caused by genera such as
Fusarium, Verticillium and Rhizoctonia. Many of
these pathogens are now known to exist in a myriad
of races, further adding to the difficulty. In many
cases, resistance is weak and quantitative so that
assessments have to be done on populations of host
plants, rather than individuals.

Many efforts have been made to replace or
supplement visual scores of disease with methods
that measure the biomass of pathogens within
diseased tissue (Fox 1993). Such proxy biomass
methods have attempted to use chitin, ergosterol or
mannitol in the past. Nowadays methods based either
on antibodies (particularly for viruses) or nucleic
acids enjoy some success. Various polymerase chain
reaction (PCR) techniques can be used to detect and
quantify pathogen genomic DNA (and occasionally
RNA (Van Esse et al. 2007)) and thereby quantify the
pathogen biomass (Nicholson et al. 2002; Nicholson
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et al. 2003; Oliver et al. 2008). PCR offers ultimate
sensitivity, specificity and quantification. If the
genetic basis of the difference between races of a
pathogen is known, PCR can be used to distinguish
such races (Andrie et al. 2008). It is also capable of
simultaneously assessing all the diseases being suf-
fered by a plant (Bezuidenhout et al. 2006; Fountaine
et al. 2007; Mumford et al. 2006; Schena et al. 2004;
Tooley et al. 2006). This is impossible with visual
assessment, where many visual symptoms overlap
and interfere.

Despite these challenges, phenotypic disease resis-
tance has achieved major advances, particularly in the
foliar biotroph area (Park 2008).

Such phenotypic assessments formed the entire
picture for almost 100 years until the 1980s, when the
use of host genetic molecular markers (originally
isozymes, but now overwhelmingly DNA polymor-
phisms—single nucleotide polymorphisms, microsa-
tellites, transposon variants, etc.) became a possibility
(Tanksley et al. 1989). Here the goal for the
pathologist was to associate disease resistance with a
particular allele of a segregating molecular genetic
marker. Such molecular markers would then be used
as a proxy for disease resistance in breeding pro-
grams. The role of the pathologist was not so
different, being to score plants for disease resistance
according to which molecular markers they carried.
Thus the same arguments that applied to phenotypic
whole-plant scoring applied to scoring of genetic
markers. Hence, most advances were made in relation
to markers for foliar biotrophic pathogens and least
for root-infecting pathogens. There was also a larger-
than-expected investment phase required to achieve
the marker density and utility for each crop. Large
and coordinated investments were needed and these
seem to have been easier to achieve in the private
sector than in the public sector depressed by crop
over-production in Europe and elsewhere. As a result,
the use of markers in breeding is still in its infancy in
most crops. Even when used, it is well applied only to
those pathogens that are best assessed by traditional
phenotypic methods.

It is 25 years since the first pathogen avirulence gene
was cloned and Flor’s gene-for-gene hypothesis was
confirmed (Staskawicz et al. 1984). We now have a
plethora of such pathogen molecules from all pathogen
types. In recent years the confusing term avirulence has
been dropped and replaced by the neutral term

“effector” (Kjemtrup et al. 2000). Effectors also include
so-called PAMPs (pathogen-associated molecular pat-
terns; Nürnberger and Brunner 2002), host-specific
toxin molecules (typically produced by fungi in the
Pleosporales, Friesen et al. 2008a), and non-specific
toxins produced by many (all perhaps except the
haustorial biotrophic) pathogens. It is also 15 years
since the first resistance gene was cloned and together
with several hundred R-genes we also have uncovered
details of PAMP receptors, guard proteins and defence
response pathway genes (Jones et al. 1994; Schulze-
Lefert 2004; Shirasu et al. 1999; Staskawicz et al.
1984; Staskawicz et al. 1995).

It is axiomatic that the disease incidence and
severity is a function of all the interactions between a
pathogen’s effectors and the host receptors and the
response that is induced. Hence, we can now recognize
that we can use expressed pathogen genes or synthe-
sized pathogen effectors to select responsive or non-
responsive host germplasm. The use of such effectors
would allow the dissection of complex quantitative
traits into a series of qualitative (or at least more
precisely quantifiable) molecular interactions. Selection
of such germplasm brings the power of the reductionist
approach to crop breeding. It would also allow the
weighing of breeders’ goals that conflict with disease
resistance into series of quantifiable decisions.

Therefore the role of pathologist in plant breeding
can now be seen as isolating, synthesizing and
deploying pathogen effectors. Where are these effectors
to be found? The effectors that were first found were
from bacteria with, for the time, facile genetic systems.
The first fungal effectors to be discovered were host-
specific toxins recovered from culture filtrates and the
Cladosporium fulvum avr and ecp products recovered
from apoplastic washing fluids (Bolton et al. 2008; De
Wit and Spikman 1982). Pathogen genome sequencing,
which is now a normal rather than an extraordinary
budget item, is the primary data that reveals pathogen
effector molecules. In our work, sequencing the S.
nodorum genome revealed the presence of ToxA
(Friesen et al. 2006; Hane et al. 2007; Liu et al. 2006).
This is one of at least a dozen host-specific toxins that
operate in the wheat S. nodorum pathosystem (Friesen
et al. 2008b). Expressed ToxA can be used as a simple
tool to select non-responsive and quantitatively more
resistant germplasm.

Until and unless all a pathogen’s effector suite is
cloned, expressed and deployed, it will be necessary
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to use the living pathogen to assess host germplasm.
However, this can be refined by the use of strains that
lack the expression of the known effectors and thus
represent the pathogenic potential of the remaining
effectors. In most cases, however, such strains will be
transgenic and will thus require the use of contain-
ment facilities in most jurisdictions despite being less
virulent than the wild type.

Molecular plant pathology is 25 years old but few are
celebrating the milestone because the practical benefits
that have accrued are not overwhelming. This can
change now as we bring the immense amount of details
known about model systems and facile organisms to
bear on the major pathogens of the major crops, both of
temperate and tropical regions. This requires that the
tools of genomics are used on these pathogens and the
results are adopted and exploited by pathologists
working alongside the breeders.
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