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SUMMARY

Biotic stress has a major impact on the process of natural selec-
tion in plants. As plants have evolved under variable environmen-
tal conditions, they have acquired a diverse spectrum of defensive
strategies against pathogens and herbivores. Genetic variation in
the expression of plant defence offers valuable insights into the
evolution of these strategies. The ‘zigzag” model, which describes
an ongoing arms race between inducible plant defences and their
suppression by pathogens, is now a commonly accepted model of
plant defence evolution. This review explores additional strate-
gies by which plants have evolved to cope with biotic stress under
different selective circumstances. Apart from interactions with
plant-beneficial micro-organisms that can antagonize pathogens
directly, plants have the ability to prime their immune system in
response to selected environmental signals. This defence priming
offers disease protection that is effective against a broad spec-
trum of virulent pathogens, as long as the augmented defence
reaction is expressed before the invading pathogen has the
opportunity to suppress host defences. Furthermore, priming has
been shown to be a cost-efficient defence strategy under rela-
tively hostile environmental conditions. Accordingly, it is possible
that selected plant varieties have evolved a constitutively primed
immune system to adapt to levels of disease pressure. Here, we
examine this hypothesis further by evaluating the evidence for
natural variation in the responsiveness of basal defence mecha-
nisms, and discuss how this genetic variation can be exploited in
breeding programmes to provide sustainable crop protection
against pests and diseases.

SCOPE

Until recently, basal resistance against pathogens and herbivo-
rous insects in plants was not well defined and was often
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referred to as either polygenic or horizontal resistance. Because
basal resistance is generally too weak to halt colonization by
pathogens and herbivorous insects, it was often regarded as less
suitable than race-specific resistance for exploitation in agricul-
ture. Recent advances in the molecular regulation of plantimmu-
nity have provided new insights into the evolution of plant
immunity, which suggest that basal resistance and race-specific
resistance are the result of an ongoing arms race between
pathogens and host plants. This so-called ‘zigzag’ model defines
basal resistance as the amount of residual resistance that is
activated by virulent pathogens on susceptible host plants after
active defence suppression by disease-promoting pathogen
effectors (Jones and Dangl, 2006). In addition, it has been known
for several years that basal resistance in plants can be boosted
by selected environmental signals. Many of these induced resis-
tance phenomena are based on priming of the basal resistance
response, causing a faster and stronger activation of these
defences on subsequent pathogen or insect attack (Conrath
et al., 2006). This review investigates how the priming of basal
resistance fits in the current evolutionary model of plant immu-
nity, and explores the hypothesis that natural selection in some
plant communities could lead to ‘constitutive priming’ of basal
defence mechanisms. Subsequently, we discuss how traits con-
ferring constitutively primed basal resistance can be exploited in
agriculture to obtain durable, broad-spectrum crop protection.

INDUCED PLANT DEFENCE

In their struggle for survival, plants rely on defensive mecha-
nisms to resist exploitation by hostile microbes and insects. In
addition to pre-existing defence barriers, such as thorns, tri-
chomes, cuticles and cell walls, plants possess an inducible
immune system that controls the activation of defence mecha-
nisms after recognition of an attacker. This induced defence
consists of multiple layers that become activated at successive
stages of colonization by the plant attacker (Ton et al., 2009). To
establish a successful parasitic interaction, pathogens and her-
bivores need to penetrate the host tissue. Plant viruses mostly
depend on vectors to penetrate plant tissues, but many fungi,
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oomycetes and aphids can penetrate cell walls directly, whereas
pathogenic bacteria often depend on natural openings, such as
stomata or wound sites. At this stage of infection, a rapid closure
of the stomata can form a first pre-invasive defence barrier
(Melotto et al., 2008). After successful entry of the plant tissue,
plant attackers often face an early-acting, post-invasive defence
barrier that is marked by localized defence responses, such as the
accumulation of reactive oxygen species, defence gene induction
and deposition of callose-rich papillae (Eulgem et al., 1999; Flors
et al., 2005; Torres et al., 2006). On further colonization, plants
undergo a large-scale transcriptional reprogramming that coin-
cides with the biosynthesis of salicylic acid (SA), jasmonic acid
(JA) and complementary long-distance signals, which regulate a
broad spectrum of local and systemic defence mechanisms (Heil
and Ton, 2008).

Plants respond to microbes through the recognition of con-
served microbial features, such as flagellin, chitin, glycoproteins
or lipopolysaccharides, which are referred to as ‘pathogen-
associated molecular patterns’ (PAMPs, synonymously called
MAMPs for ‘microbe-associated molecular patterns’). Defence
responses to herbivores are triggered by herbivore-associated
molecular patterns (HAMPs; Mithofer and Boland, 2008).
Besides PAMPs and HAMPs, there are endogenous plant elicitors
that are released on tissue damage. These damaged-associated
molecular patterns (DAMPs) mediate defence responses to both
herbivores and pathogens (Heil, 2009). Although the perception
behind HAMPs remains unknown (Mithofer and Boland, 2008),
PAMPS and DAMPS are thought to be recognized by plasma
membrane-localized  pattern-recognition receptors  (PRRs;
Gomez-Gomez and Boller, 2000; Huffaker et al., 2006; Miya
et al., 2007; Scheer and Ryan, 2002). The immune response trig-
gered by these defence elicitors is commonly referred to as
PAMP-triggered immunity (PTI), although the term ‘pattern-
triggered immunity” would be more appropriate as it more col-
lectively reflects responses to PAMPs, MAMPs, DAMPs and
HAMPs. PTl is a nonspecific resistance that is sufficient to fend
off the majority of potentially hostile microbes (Boller and He,
2009; Lipka etal., 2005). Virulent pathogens, however, are
capable of suppressing PTI through the use of pathogen effec-
tors (Fu et al., 2007; He et al., 2006; Zhang et al., 2007). This
effector-triggered  susceptibility (ETS) reduces the plant's
immune response to basal levels of resistance, which are insuf-
ficient to provide effective protection against disease.

To counteract ETS, selected plant varieties have evolved resis-
tance (R) proteins, which can detect pathogen effectors directly,
or can guard the targets of pathogen effectors, thereby indirectly
recognizing the activity of effectors (McDowell and Woffenden,
2003). The activation of R proteins often gives rise to a hyper-
sensitive response (HR) that can block virulent pathogens at
relatively early stages of infection. This so-called effector-
triggered immunity (ETI) is extremely effective against biotrophic

pathogens, and has therefore been studied extensively over
recent decades (Lukasik and Takken, 2009). However, a major
limitation of ETl is that it only protects against specific races of
biotrophic pathogens, whereas it can be ineffective or even
disease promoting in response to necrotrophic pathogens (Klie-
benstein and Rowe, 2008). Moreover, avirulent biotrophs are
under constant selective pressure to break ETI, which limits the
durability of this defence strategy. Pathogens can break ETI by
evolving alternative effectors that suppress ETI, or that are no
longer recognized by R proteins (Abramovitch et al., 2006; Cui
etal., 2009; Fu etal., 2007; Houterman et al., 2009). Conse-
quently, ETI is reverted to basal resistance, imposing further
selection pressure on the host plant to evolve improved R pro-
teins that are capable of recognizing the newly evolved effectors.
The resulting arms race between plants and their (a)virulent
pathogens manifests as an ongoing oscillation in the effective-
ness of plant defence, and is referred to as the zigzag model
(Jones and Dangl, 2006).

PRIMING: AN ALTERNATIVE DEFENCE
STRATEGY TO COPE WITH BIOTIC STRESS

Although ETI can be extremely effective against biotrophic
pathogens, plants can also counteract pathogens through a sen-
sitization of their basal immune system. This priming of defence
causes a faster and stronger induction of defensive mechanisms
on subsequent attack (Conrath et al., 2006; Frost et al., 2008).
There are a variety of environmental signals that can trigger
defence priming, many of which indicate upcoming stress. Well-
known examples are localized pathogen attack, which gives rise
to systemic acquired resistance (SAR; Jung et al., 2009; Kohler
etal., 2002), or herbivory-induced volatiles, which can prime
JA-dependent wound responses (Engelberth et al., 2004; Frost
et al., 2008; Ton et al., 2007). On the other hand, plant-beneficial
micro-organisms, such as nonpathogenic rhizobacteria or myc-
orrhizal fungi, can also trigger priming (Van Wees et al., 2008).
Furthermore, many biologically induced priming phenomena can
be mimicked through the application of plant-derived or xeno-
biotic compounds, such as SA (Mur et al., 1996), methyl jas-
monate (MelA; Kauss et al., 1994), vitamin B (Ahn et al., 2007),
cytokinins (Dervinis et al., 2010) or B-aminobutyric acid (BABA;
Jakab et al., 2001).

Similar to PTI, priming of defence is effective against a broad
spectrum of plant attackers, suggesting that primed resistance is
at least partially based on an augmented expression of PTI
mechanisms. However, both pathogen-induced SAR and
rhizobacteria-mediated induced systemic resistance (ISR) have
been shown to reduce lesion formation by avirulent pathogens
(Hoffland et al., 1996; Ross, 1961), suggesting that priming can
also boost ETI mechanisms. As basal resistance has been defined
as the sum of resistance by PTI and ETI, minus the susceptibility
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by ETS (Jones and Dang|, 2006), priming of defence can best be
defined as an augmented capacity to express basal resistance
mechanisms (Fig. 1). If the augmented basal resistance response
precedes the delivery of pathogen effectors, priming can provide
full immunity against otherwise virulent pathogens (Fig. 1A).
Indeed, this has been found for some forms of defence priming
(Conrath et al., 2006; Zimmerli etal., 2000). In most cases,
however, primed defence expression slows down the coloniza-
tion by virulent pathogens to a larger extent than does basal
resistance (Conrath et al., 2006).

Most priming-inducing stimuli can trigger defence mecha-
nisms directly if applied in higher doses. For instance, relatively
high soil drench concentrations of BABA trigger PR-1 gene
induction directly in Arabidopsis, whereas lower concentrations
of BABA merely prime the induction of PR-7 (van Hulten et al.,
2006). Furthermore, transient induction of direct defence can
give rise to a longer lasting priming of defence (Bruce et al.,
2007; Heil and Ton, 2008). Hence, many induced resistance phe-
nomena are based on a combination of direct defence and
priming, and their relative contribution depends on the dose
of the resistance-inducing stimulus and the time point after
induction.

COSTS AND BENEFITS OF PRIMING

The full development of an inducible defence response requires
energy and therefore involves costs on growth and reproduction.
Apart from allocation costs, costs can also arise from the toxicity
of the defence to the plant's own metabolism, or when the
defence response affects the plant’s interaction with beneficial
organisms (Heil, 2002; Heil and Baldwin, 2002). It is commonly
accepted that plants only express inducible defences if the
benefits (i.e. protection against the attackers) outweigh the
associated costs (Heil, 2002; Walters and Boyle, 2005).
Previously, we have conducted a laboratory study to compare
the costs and benefits of defence priming versus direct induction
of defence in Arabidopsis (van Hulten et al., 2006). By using low
doses of BABA to induce priming and high doses of either BABA
or the functional SA analogue benzothiadiazole (BTH) to induce
defence expression directly, we found that priming is associated
with relatively minor costs on plant growth and seed set. More-
over, the protective benefits of priming outweighed its costs
under conditions of high disease pressure. It was thus concluded
that priming is a cost-efficient defence strategy in disease-
imposing environments. Interestingly, the outcome of this
laboratory study was recently tested under agronomic field con-
ditions by Walters et al. (2009), who subjected saccharin-primed
barley to varying degrees of disease by the hemibiotrophic
fungus Rhynchosporium secalis and monitored fitness levels by
plant growth and grain yield. As predicted, primed plants dis-
played significantly higher fitness than unprimed plants, thereby
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extending our laboratory demonstration that priming is a ben-
eficial defence strategy in hostile environments.

PLANT DEFENCE STRATEGIES AND
THEIR ADAPTIVE VALUES IN
HOSTILE ENVIRONMENTS

Many naturally occurring plant species can be subdivided into
genetically distinct geographical varieties. Although these
ecotypes are sufficiently similar to be considered as one species,
they differ genetically in some traits as a result of variant selec-
tion pressures from their environments of origin. In this context,
we evaluated possible adaptive values of various defensive strat-
egies in comparison with priming of defence under different
environmental conditions (Fig. 2).

The concept that priming of defence provides benefits in
hostile environments suggests that plants in these environments
are under pressure to evolve a constitutively enhanced respon-
siveness of basal defence mechanisms. As priming protects
against a wide variety of diseases and pests (Conrath et al.,
2006), this selection pressure would be most pronounced under
pressure by a wide range of different pathogens and herbivores
(Fig. 2; strategy A). There are, however, alternative defence strat-
egies that could provide similar or even greater benefits, depend-
ing on the nature of the environment. For instance, PAMPs from
plant-beneficial microbes have been demonstrated to trigger
plant defence reactions (van Loon et al., 2008), suggesting that
plants with primed defence responsiveness to PAMPs may risk
compromising their interaction with plant-beneficial micro-
organisms. Indeed, various studies have reported negative
impacts of SA-dependent resistance on rhizobial and mycorrhizal
symbioses with lequmes (Faessel et al., 2009; Jin et al., 2009;
Stacey et al., 2006). Hence, there could be a counteracting selec-
tion against constitutive priming to maintain associations with
mycorrhiza or nitrogen-fixing bacteria. Therefore, an increased
ability to attract and interact with micro-organisms that are
capable of suppressing pathogens directly through nutrient com-
petition or antibiosis (Handelsman and Stabb, 1996; Weller et al.,
2002) could be an alternative defence strategy in hostile envi-
ronments (Fig. 2; strategy B). In support of this, Rudrappa et al.
(2008) demonstrated that Arabidopsis can attract disease-
suppressing rhizobacteria through the exudation of L-malic acid,
which is further boosted by above-ground infection by
Pseudomonas syringae pv. tomato. Secondly, priming rarely pro-
vides complete protection against one pathogen or pathogen
race, whereas ETI typically does. Hence, ETI would be more
efficient in environments with disease pressure from one pre-
dominant pathogen species (Fig. 2; strategy C). Thirdly, although
priming is less costly than direct induction of defence, it is still
associated with minor costs under conditions of low disease
pressure (van Hulten et al., 2006). Consequently, plants exposed
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Fig. 1 Priming of basal resistance provides protection against virulent pathogens. (A) Basal resistance against virulent pathogens results from a residual level of
host defence after defence suppression by disease-promoting pathogen effectors (blue arrows). Priming of basal resistance leads to a faster and stronger
induction of basal defence mechanisms, providing enhanced resistance against the invading pathogen. In most cases, priming of basal resistance cannot prevent
the delivery of pathogen effectors entirely, and thereby only slows down the introgression of the pathogen (‘moderately primed defence response’). However, if
the primed defence response precedes the delivery of pathogen effectors, this defence strategy can prevent pathogen infection and provide full protection
against otherwise virulent pathogens ('strongly primed defence response’). Red plant cells indicate the expression of basal defence mechanisms. (B) The ‘zigzag’
model describes basal resistance as the sum of pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) and weak effector-triggered immunity
(ETI) minus effector-triggered susceptibility (ETS) (Jones and Dangl, 2006). Apart from newly evolved R proteins that recognize effectors or their activities, ETS
can be counteracted by the priming of defence, causing faster and stronger induction of basal defence mechanisms after pathogen attack. A moderately primed
defence response merely augments the PTI/ETI response, but would still allow ETS to take place (shown in orange), whereas a strongly primed defence reaction
can prevent ETS entirely (shown in red).
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Fig. 2 Model of plant defence strategies and their adaptive values under different biotic stress conditions. Plants in environments with relatively high disease
pressure from a wide array of different attackers benefit from constitutive priming of basal resistance mechanisms, which provide broad-spectrum protection
against pests and diseases (strategy A). However, this defence strategy may affect the plant’s ability to associate with plant-beneficial microbes, such as
mycorrhizae or nitrogen-fixing bacteria. In this situation, plants would benefit more from an increased ability to attract and associate with disease-suppressing
plant-beneficial microbes (strategy B). Plants in environments with a constant pressure from one dominant biotrophic pathogen benefit from effector-triggered
immunity (ETI; strategy C). ETI can be broken and give rise to an ongoing ‘zigzag" evolution, as described by Jones and Dangl (2006). Inducible defence priming
on perception of stress-indicating signals provides a cost-efficient adaptation to environments with variable degrees of disease pressure (strategy D). Because
priming of defence and induction of defence are both associated with costs on plant growth and reproduction, a relatively unresponsive immune system would

be beneficial in environments with relatively low disease pressure (strategy E).

to variable levels of disease pressure would benefit from an
inducible priming response (Fig. 2; strategy D). As variable
degrees of disease pressure are the reality in many natural plant
environments, priming mainly manifests as an inducible resis-
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tance response. Finally, the selection for certain defensive
strategies is probably also influenced by the plant’s abiotic envi-
ronment. For instance, the plant hormone abscisic acid (ABA)
not only controls tolerance to abiotic stress, but also plays an
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important regulatory role in the fine tuning of resistance against
diseases and pests (Ton et al., 2009). Consequently, a change in
defence responsiveness to biotic stress that is based on a modi-
fied ABA response will also have consequences for plant fitness
under abiotic stress conditions.

Most plants are capable of expressing combinations of differ-
ent defence strategies, and the importance of each of these
strategies depends on the environment. For instance, many
plant-beneficial micro-organisms have the ability to protect
plants through a combination of direct disease suppression and
induction of defence priming in the host plant (ISR; Van Wees
et al., 2008). Colonization by these microbes causes a constitu-
tive level of systemic priming that is phenotypically similar to
genetically acquired priming, thus combining the advantages of
two defence strategies: direct disease suppression by plant-
beneficial microbes and constitutive defence priming. Further-
more, the expression of one defence strategy can give rise to the
induction of another. For example, localized expression of PTI
results in the development of SAR (Mishina and Zeier, 2007),
which is largely based on the priming of defence (Jung et al.,
2009; Kohler et al., 2002).

NATURAL VARIATION IN BASAL DEFENCE
RESPONSIVENESS

If constant pressure from a wide range of attackers would select
for constitutively primed basal resistance (Fig. 2; strategy A), it
can be expected that naturally occurring plant species display
genetic variation in the responsiveness of basal resistance
mechanisms. The vast majority of studies on natural variation in
plant defence have focused on ETI (Holub, 2007; de Meaux and
Mitchell-Olds, 2003; Van Poecke et al., 2007), which is likely to
be the result of the robustness and reproducibility of the ETI
phenotype. There are also numerous studies on the natural varia-
tion in basal resistance against pathogens and herbivores, many
of which are based on the genetic model plant species Arabi-
dopsis (Koornneef et al., 2004). However, relatively few of these
have linked this variation to actual resistance mechanisms. The
natural variation in the basal resistance of Arabidopsis to insects
often originates from differences in pre-existing pools of glucosi-
nolates (Kliebenstein etal., 2001; Koornneef etal., 2004).
Glucosinolates enable the rapid production of biocidal isothio-
cyanates after herbivore attack and could therefore be viewed as
a constitutively primed defence mechanism. The natural varia-
tion in the basal resistance of Arabidopsis against pathogens, on
the other hand, seems to stem from more diverse mechanisms
rather than from glucosinolates. For instance, Denby et al. (2004)
reported that the natural variation in basal resistance against the
necrotroph Botrytis cinerea correlates with the responsiveness of
pathogen- and acifluorfen-induced camalexin, an indole-derived
phytoalexin. Further genetic dissection of this basal resistance in

a mapping population of recombinant inbred lines (RILs)
revealed multiple small-to-medium-effect quantitative trait loci
(QTLs), but it remained unclear as to what extent these loci
influence the responsiveness of camalexin induction itself. Simi-
larly, Llorente et al. (2005) used a RIL population to dissect the
natural variation in basal resistance against the necrotrophic
fungus Plectosphaerella cucumerina, which identified three
different QTLs. The most influential QTL was caused by a poly-
morphism in the ERECTA gene, a leucine-rich region (LRR)
receptor-like kinase protein that influences the responsiveness of
pathogen-induced callose deposition. Natural variation in basal
resistance against P. syringae pathogens has been reported by
different groups (Kover and Schaal, 2002; Kover et al., 2005;
Perchepied et al., 2006; Ton et al., 1999). Genetic dissection of
this variation between accessions Bayreuth and Shahdara
revealed two major QTLs, one of which was found to regulate
the responsiveness of SA-inducible defence genes (Perchepied
et al., 2006). The studies by Llorente et al. (2005) and Perchepied
et al. (2006) illustrate that one gene can have a major contribu-
tion to the natural variation in the responsiveness of basal resis-
tance mechanisms.

The development of DNA arrays has made it possible to
measure natural variation in the abundance of large numbers of
gene transcripts: ‘expression level polymorphism’ (ELP) analysis.
If applied to a genetically characterized mapping population,
ELP analysis can link natural variation in transcriptome
responses to regulatory loci, called expression (e)QTLs. A first
genomic comparison of the transcriptional response to exog-
enously applied SA between seven Arabidopsis accessions
revealed that, on average, 2234 genes were differentially
expressed in pair-wise comparisons (Kliebenstein et al., 2006).
This variation correlated positively with genomic sequence
diversity, suggesting that single nucleotide polymorphisms have
relatively little influence on the genetic variation in SA-induced
gene expression. Further in-depth analysis of these data identi-
fied accession Mt-0 as hyperresponsive and accession Cvi-0 as
hyporesponsive to SA (van Leeuwen et al., 2007). Although
these studies made an important step towards a better under-
standing of the evolution of basal resistance, it remains
unknown which genomic regions are responsible for this varia-
tion, and how far this variation actually impacts basal pathogen
resistance. Further ELP analysis of well-characterized mapping
populations would be necessary to identify the regulatory genes
responsible for both natural variation in gene network
responses and basal defence responsiveness.

For basal defence responses involving secondary defence
metabolites, considerable debate has surrounded the evolution-
ary mechanisms involved in the creation of the necessary path-
ways (Firn, 2010). It is emerging that, for many associated
biosynthetic pathways, operons or clusters of coregulated genes
can be responsible for the sequential production of the necessary
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enzymes (Field and Osbourn, 2008). These pathways typically
result in the production of penultimate nonbiocidal products, e.g.
a glucosinolate (see above) or the glucoside of a benzoxazinoid,
which provide a primed capacity to produce the biocide on
subsequent pathogen or herbivore attack (Field and Osbourn,
2008; Frey et al., 2009). Interestingly, these secondary defence
metabolites also play a role in defence against fungal pathogens
(Bednarek and Osbourn, 2009) and have been found to regulate
PAMP-induced depositions of callose-rich papillae in Arabidopsis
(Clay et al., 2009). Clusters of genes in the biosynthesis of sec-
ondary defence metabolites can comprise paralogous genes
from gene duplication, but also nonhomologous genes that are
organized functionally with concomitant clustering and coregu-
lation. Quite how such a pathway evolves before giving rise to
an adaptive advantage is not fully understood (Firn, 2010), but it
seems obvious that the final biochemical conversion from a
nonbiocidal storage product to a biocidal defence product is
critical in the regulation of these chemical defences. It remains a
future challenge to determine how far genetic variation in the
timing, activity and localization of hydrolytic enzymes mediating
these conversions contributes to differences in basal resistance
against diseases and pests. If so, it will be equally interesting to
investigate whether these enzymes are targeted by pathogen
and/or insect effectors.

NATURAL SELECTION FOR CONSTITUTIVELY
PRIMED BASAL RESISTANCE?

Although the above examples justify the general conclusion that
natural variation in responsiveness of basal resistance mecha-
nisms is prevalent, this does not necessarily prove that hostile
environments select for constitutively primed immune systems.
In order to demonstrate that constitutive defence priming has
evolved from inducible priming under constant levels of disease
pressure, more evidence is required from both the molecular
level and the plant community level (Shindo et al., 2007). For
instance, patterns of single nucleotide polymorphisms in alleles
contributing to natural variation in basal resistance could
provide indications of past selective pressures. If the degree of
nucleotide diversity deviates from the estimated diversity under
neutral selection, this could be interpreted as evidence for envi-
ronmental selection pressures. Typically, reduced levels of nucle-
otide polymorphisms indicate selective sweeps, during which
newly evolved gene variants outcompete others (Nielsen, 2005).
On the other hand, enhanced levels of nucleotide polymorphisms
suggest balancing selection, which maintains ancient genetic
variation (Mitchell-Olds and Schmitt, 2006). Although these
methods provide useful indications for past selective forces on
genes, fitness assays under different disease pressures would
still be necessary to establish what gene variants provide which
adaptive phenotypes. As outlined by Holub (2007), a major chal-
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lenge for the future is to apply currently available genetic
resources for Arabidopsis (i.e. fully genotyped recombinant
mapping populations or association mapping populations) to
field experimentation. For instance, Arabidopsis mapping popu-
lations in which defence traits segregate could be grown under
different field conditions with varying degrees of disease pres-
sure by one or multiple pathogens and/or herbivores. Subse-
quent fitness evaluation may reveal defence-regulating QTLs
that provide selective benefits under specified environmental
conditions. With more and more Arabidopsis accessions being
genome-sequenced, another promising approach arises from
genome-wide association mapping approaches, which are based
on associations between phenotypes and DNA sequence vari-
ants within individuals or isogenic populations (Atwell et al.,
2010; Nordborg and Weigel, 2008). In particular, if defence phe-
notypes can be related to ecological stress parameters from the
accessions' geographical origins, this technique has the potential
to assign measurable ecological significance to defence regula-
tory alleles.

EXPLOITATION OF NATURAL VARIATION IN
PLANT DEFENCE

How can natural variation be exploited to improve crop protec-
tion against diseases and pests? Although Arabidopsis cannot be
considered to be a crop, the availability of genetically character-
ized mapping populations and genome-sequenced accessions
provides easy access to the genetic basis of the defence strate-
gies evolved within this species. A potential disadvantage of this
approach is that certain defence traits of Arabidopsis are specific
for Brassicaceae. For instance, glucosinolates play an important
role in the defence of Arabidopsis against unadapted insects and
pathogens (Arany et al., 2008; Bednarek et al., 2009; Tierens
et al., 2001), and alleles contributing to the genetic variation in
the biosynthesis of these secondary metabolites are of little
relevance for non-brassicaceous crops, such as cereals. More-
over, Arabidopsis is a pioneering plant species that was originally
selected by plant geneticists for its short generation time, which,
by itself, can be regarded as an adaptive strategy to cope with
environmental stress, but is not necessarily a desirable trait in
crops.

As an alternative strategy, genetic variation in defence traits
amongst ancestral plants of crops can be explored as a means to
introduce new combinations of alleles into modern crop plants.
An extensively researched example comes from the development
of breeding programmes that aim to introgress traits from ances-
tral wheat varieties into modern elite varieties, where limited
genetic diversity in defence traits is exhibited as a result of
repeated selection for high yield (Skovmand etal., 2001;
Trethowan and Mujeeb-Kazi, 2008). Unfortunately, many wild
wheat ancestors and landraces are at risk of disappearing as a
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result of displacement from their natural habitats by agronomi-
cally superior cultivars and overgrazing by livestock. To combat
this loss of valuable diversity, extensive collections of rare
species are now being assembled for exploitation in wheat
breeding programmes (Skovmand et al., 2002). These pro-
grammes have enabled a number of race-specific R genes to be
introduced into hexaploid wheat species. However, as discussed
above, R genes do not always provide durable disease protec-
tion, as the resulting ETI can be broken by pathogen evolution
(Jones and Dangl, 2006). A notable exception has been the
identification of the WKST gene, which confers partial and
temperature-dependent resistance in mature wheat against mul-
tiple races of the stripe rust, Puccinia striiformis (Fu et al., 2009).
The WKST gene is absent in commercial wheat varieties and was
introgressed from the ancestral wheat accession Triticum turgi-
dum L. ssp. Dicoccoides (Uauy et al., 2005). Interestingly, WKST-
dependent resistance manifests as a rapid formation of
autofluorescent cells around the sides of P. striiformis infection
(Fu et al., 2009), indicating that WKST provides primed respon-
siveness to pathogen attack. The gene encodes a protein kinase
with a putative START domain. This class of protein has been
reported to play a role in lipid binding and sensing (Alpy and
Tomasetto, 2005), suggesting that WKS1 is involved in the trans-
duction of pathogen- or plant-derived lipid signals. Interestingly,
lipid signals have also been implicated as critical signals in
SAR-related defence priming. Although the exact signalling func-
tion of the WKS1 protein remains to be investigated, the study by
Fu et al. (2009) clearly illustrates how genetic variation in basal
resistance within an ancestral plant species can be exploited to
provide durable disease protection in a commercially important
crop.

Apart from breeding strategies to introgress basal resistance
genes from ancestral crop species, biotechnological strategies
can also be considered. As was recently outlined by Gust et al.
(2010), a promising strategy to improve crop resistance would
be to transfer PRRs from naturally occurring plant species into
crops. This transgenic approach would boost PTI responsiveness,
provided that the heterologously expressed PRRs connect onto
the appropriate defence signalling pathways. Analogous to the
priming of basal resistance, a primed PTI response would provide
broad-spectrum disease resistance if the augmented defence
response precedes the opportunity to express ETS by the invad-
ing pathogen (Fig. 1A).

CONCLUSIONS AND FUTURE PROSPECTS

Plants have employed diverse evolutionary strategies to cope
with biotic stress. Apart from the well-characterized ‘zigzag'
evolution of R protein-mediated ETI, there is evidence for alter-
native defence strategies that can be equally or more effective,
depending on the environmental stress conditions. In addition to

interactions with disease-suppressing micro-organisms, plants
can also obtain broad-spectrum resistance through priming of
basal resistance mechanisms. Understanding the mechanisms
behind these naturally evolved defence strategies will be a pre-
requisite for their exploitation in integrated approaches to pest
and disease management.
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