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Summary
1. Variation in disease resistance is a widespread phenomenon in wild plant-pathogen

associations. Here, we review current literature on natural plant-pathogen associations to
determine how diversity in disease resistance is distributed at different hierarchical levels
– within host individuals, within host populations, among host populations at the
metapopulation scale and at larger regional scales.

2. We find diversity in resistance across all spatial scales examined. Furthermore, variability
seems to be the best counter-defence of plants against their rapidly evolving pathogens.
We find that higher diversity of resistance phenotypes also results in higher levels of
resistance at the population level.

3. Overall, we find that wild plant populations are more likely to be susceptible than
resistant to their pathogens. However, the degree of resistance differs strikingly
depending on the origin of the pathogen strains used in experimental inoculation studies.
Plant populations are on average 16% more resistant to allopatric pathogen strains than
they are to strains that occur within the same population (48 % vs. 32 % respectively).

4. Pathogen dispersal mode affects levels of resistance in natural plant populations with
lowest levels detected for hosts of airborne pathogens and highest for waterborne
pathogens.

5. Detailed analysis of two model systems, Linum marginale infected by Melampsora lini,
and Plantago lanceolata infected by Podosphaera plantaginis, show that the amount of
variation in disease resistance declines towards higher spatial scales as we move from
individual hosts to metapopulations, but evaluation of multiple spatial scales is needed to
fully capture the structure of disease resistance.

6. Synthesis: Variation in disease resistance is ubiquitous in wild plant-pathogen
associations. While the debate over whether the resistance structure of plant populations
is determined by pathogen-imposed selection versus non-adaptive processes remains
unresolved, we do report examples of pathogen-imposed selection on host resistance.
Here we highlight the importance of measuring resistance across multiple spatial scales,
and of using sympatric strains when looking for signs of coevolution in wild plant-
pathogen interactions.
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Introduction
How plant resistance to disease is distributed across space can affect fundamental
components of disease biology and epidemiology. Ultimately the resistance structure of
plant populations will determine where pathogens occur, as a pathogen can only infect hosts
whose defence strategies it can overcome. Furthermore, host resistance may be considered
the main driving force of pathogen evolution, with pathogens evolving to overcome host
resistance strategies. This process is believed to be reciprocal so hosts and their pathogens
are engaged in a co-evolutionary arms-race with hosts evolving new counter defences to
escape attack, and pathogens in turn evolving to overcome these new forms of resistance
(e.g. Clay & Kover 1996).

The interaction between hosts and pathogens is characterized by a great disparity in genome
size, generation time and speed of adaptability which, on the surface, would generally
appear to favour the pathogen. Indeed, there are numerous examples of pathogens adapting
to their hosts, both from studies of local adaptation (Parker 1985; Thrall et al. 2002; Laine
2005; Niemi et al. 2006; Sicard et al. 2007; Springer 2007) (but see Kaltz et al. 1999 for an
exception), and from classic boom-and-bust cycles, particularly in agricultural crops, where
newly deployed resistance genes increase in frequency but then rapidly lose their
effectiveness as pathogens adapt to that new variety (Browning & Frey 1969). However,
there is notably little evidence of the opposite – hosts evolving resistance under the pressure
of pathogen attack. At the same time, variation in disease resistance is widespread (Table 1;
Salvaudon et al. 2008), which implies that natural plant populations have the capacity to
undergo significant adaptive evolution in response to pathogen attack.

Theoretical models of coevolution imply indirect negative frequency-dependent selection
(FDS) between hosts and parasites within local populations, in which the selection rate for
resistance depends on the frequency of parasite avirulence alleles and vice versa (Jayakar
1970; Leonard 1977; Bergelson et al. 2001). In systems with such FDS, costs of resistance
and virulence have traditionally been required to maintain polymorphism in these traits (e.g.
Jayakar 1970; Leonard 1977; Frank 1993), but recent theoretical work has shown
metapopulation dynamics and spatially heterogenous selection to be as important, or even a
sufficient condition, for the maintenance of polymorphism (Gandon et al. 1996;
Gomulkiewicz et al. 2000; Nuismer et al. 2000; Gandon & Michalakis 2002; Thrall &
Burdon 2002; Nuismer & Gandon 2008). Indeed, host-pathogen coevolutionary processes
are intrinsically spatial as well as temporal, and occur at many different scales (Burdon &
Thrall 2001). These range from single populations dominated by demographic and genetic
stochasticity (Parker 1985; Burdon & Jarosz 1991; Alexander et al. 1993; Bevan et al.
1993a; Espiau et al. 1998), to metapopulations in which extinction/colonization dynamics
have a large influence (Thrall et al. 2001; Ericson et al. 2002; Thrall et al. 2002; Smith et al.
2003; Antonovics 2004; Laine & Hanski 2006; Soubeyrand et al. 2009), and larger
geographic regions where phylogenetic patterns and historical events become more
important (Burdon et al. 2002; de Meaux et al. 2003; de Meaux & Mitchell-Olds 2003).
Coevolutionary interactions between hosts and pathogens may occur at a broad range of
spatial scales, from those encompassed by a single individual through various intermediate
levels to those of the species as a whole.
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It has already been noted by several authors that variation in disease resistance is widespread
(e.g. Parker 1985; Springer 2007; Jorgensen & Emerson 2008) yet, to date, we know little
about how this variation is structured across space, and what are the processes driving host
resistance structure at different spatial scales. This is despite the general recognition that
variation in host resistance (and pathogen infectivity and aggressiveness) is of central
importance to understanding patterns of infection (Hill 1998; Lockett et al. 2001). Indeed,
study of the genetic components of host-pathogen interactions has lagged far behind work
documenting the demographic impacts of disease. Thus, while some work has shown
negative relationships between the overall diversity of hosts and parasitism (Coltman et al.
1999; Meagher 1999), in only a very few cases has host genetic variation been implicated in
rates of epidemic spread of disease or patterns of disease prevalence (e.g. Thrall & Burdon
2000; Laine 2004).

Here we review studies on how resistance is distributed in wild plant-pathogen interactions
at different spatial scales: within individual hosts, within host populations, among
populations at the metapopulation scale, and at regional scales. Understanding this
hierarchical spatial structure has the potential to provide valuable insights into the influence
of pathogens on host evolution, and spatial variation in the magnitude of their effect.
Specifically, here we ask: 1) What are the kinds of resistance responses we find in wild plant
populations (i.e. qualitative or quantitative)? 2) Given that there is polymorphism in
resistance, are wild plant populations more likely to be resistant or susceptible to their
pathogens? 3) How do host and pathogen life-history and origin of pathogen strain affect
resistance of plant populations? 4) How is resistance diversity structured at these different
spatial levels? We include here an analysis of two plant-pathogen interactions that have been
studied in detail across several different spatial scales. One of these, the interaction between
the wild flax, Linum marginale, and its obligate rust fungus Melampsora lini, is a native
host-pathogen association which occurs across southern Australia. The other is the long-
standing interaction between Plantago lanceolata and its obligate powdery mildew fungus,
Podosphaera plantaginis in the southwest archipelago of Finland. Knowledge of these
systems allows us to explicitly estimate how variation in disease resistance is hierarchically
distributed at the different spatial scales. Finally, we conclude with a consideration of
empirical and conceptual future directions for the study of plant-pathogen interactions.

Literature search
Studies were compiled for the review by searching the literature in the ISI Web of Science
database using a combination of search terms such as ‘plant’, ‘pathogen’, ‘resistance’,
‘spatial scale’ or ‘spatial structure’. Additional studies were gathered by scouring cross-
citations from reviews and plant coevolutionary studies, as well as from colleagues. Studies
were discarded if they were purely theoretical or review articles, or if the study was focused
on agricultural populations (where reciprocal evolutionary change was prevented by the host
presumably evolving under human imposed selection). Altogether, this resulted in the
identification of 36 studies which included explicit information on plant resistance to its
pathogens within a spatial framework. The following measurements were extracted from
these studies: 1) the type of interaction (e.g. plant-fungus, plant-bacteria); 2) the study
species; 3) how resistance was measured (e.g. inoculation or sequence diversity); 4) type of
resistance (qualitative vs. quantitative); 5) number of populations included in the study and
the study design; 6) the spatial scale of the study - the shortest and longest distances
separating the study populations; 7) whether the study detected resistance variation and at
what spatial scale; 8) average resistance (reported only when resistance data was in the form
of infected/not, percent of infected individuals etc.), and whether resistance was measured
with sympatric pathogen strains (sampled from the same population), nearby allopatric
strains (collected from less than 2 km away) or allopatric strains collected from 2 km or
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further away (in three cases the origin of the pathogen strains was not specified); and 9) the
number of resistance phenotypes that were detected in inoculations. These data are
summarized in Table 1, and in Figures 1a and 2. Additional information was gathered on the
life-history and dispersal characteristics of both host and pathogen when available. These
data are presented in Supporting Information in Table S1 and in Fig. 1b.

Although these studies cover a wide range of unmanaged plant-pathogen interactions,
notably 35 of these studies were on plant-fungus interactions and there was only a single
study on a plant-bacterial association (Table 1; Goss & Bergelson 2006). While pathogenic
fungi of plants are highly prevalent and diverse, this result is also likely to reflect the ease of
detection of biotrophic fungi such as rusts and powdery mildews, compared to, for example,
many viruses that require immunological assays for their detection. Only a small subset of
the studies would have met the formal requirements of a meta-analysis (Rosenberg et al.
2000). We did not want to exclude a large number of studies providing valuable information
on host resistance in wild host-pathogen interactions and hence, we decided to forgo a meta-
analysis approach. Instead, we summarized the data in a more qualitative manner (but
including quantitative data analyses where possible) to provide as comprehensive a view as
possible on what we know to date on how host resistance to pathogens is spatially
structured.

The genetic basis of resistance
The gene-for-gene (GFG) interaction is probably the best characterized genetic system of
interaction for plant-pathogen populations (Thompson & Burdon 1992). The central
assumption is that each resistance (R) gene in the host interacts specifically with a
corresponding avirulence (AVR) gene in the pathogen (Flor 1956). An elicitor allele carried
by an AVR-pathogen is recognized by the host R-allele, triggering local and systemic
defence responses in the host (Hammond-Kosack & Jones 1997; Dangl & Jones 2001).
Plants that lack the R allele are called susceptible, and parasites with a modified AVR factor
(i.e. one not able to be recognised by the plant) are able to infect the host. Despite early
scepticism (Barrett 1985; Frank 1993), it is now clear from hundreds of genetically and
molecularly characterised examples that GFG is a common mechanism of interactions
between wild and cultivated plant species and their parasites (bacteria, viruses, fungi,
nematodes, insects and Oomycetes; (Jones & Dangl 2006). This genetic interaction is now
understood in molecular terms as resulting from recognition between highly polymorphic
host immune receptors (R proteins) and pathogen effector (Avr) proteins (Dodds & Rathjen
2010).

While the underlying genetic control of host resistance has only been verified for a few of
the host-pathogen interactions that have been studied in wild populations (Burdon 1988;
Burdon 1994), the strain-specific response typical of many plant-pathogen interactions is
usually taken as evidence that resistance is controlled by major genes. Indeed, the majority
of the studies reviewed here demonstrate or postulate resistance that is determined by genes
with major effects (Table 1). Hence, to date, much more is known about the levels of
diversity that may be found in interacting species whose interactions is governed by major
genes, than is known about spatial variation in resistance that is quantitative in character (i.e.
controlled by many genes; de Nooij & van Damme 1988a; Alexander 1989; Goss &
Bergelson 2006).

However, the distinction between qualitative and quantitative resistance is not as generally
conveyed. While most plant resistance responses may be categorized as resistant or
susceptible and are governed by major genes, partial resistance phenotypes are also common
and may come about through different mechanisms. Firstly, even in GFG systems there can
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still be varying degrees of expression of resistance (Table 1; Islam & Mayo 1990). It was
demonstrated with M. lini and its wild host, L. marginale, that, like their fully resistant and
susceptible counterparts, partially resistant phenotypes are controlled by single dominant
genes (Burdon 1994). Similar control of partially resistant phenotypes has been
demonstrated on many occasions in the interaction between wheat and its rust pathogens
Puccinia graminis, P. triticina and P. striiformis (McIntosh et al. 1995). Secondly, non GFG
resistance mechanisms, where multiple genes with additive effects contribute to non-race
specific resistance, can give rise to partial resistance phenotypes. A mixture of quantitative
and qualitative traits is suggested to govern resistance in several wild host-pathogen
interactions (Bevan et al. 1993a;Ericson & Burdon 2009). In some cases, non-race specific
resistance mechanisms can be ascribed to single major genes. For instance the RPW8 gene
(Recognition of Powdery Mildew) has been identified as the major source of powdery
mildew resistance in Arabidopsis thaliana (Xiao et al. 1997;Schiff et al. 2001;Wilson et al.
2001;Xiao et al. 2001), but differs from most known R genes by conferring broad spectrum
resistance to a number of different powdery mildew species (Xiao et al. 2001;Jorgensen &
Emerson 2008).

Environmental heterogeneity may further diversify resistance expression. For example, in
the interaction between groundsel and its powdery mildew, incubation temperature and plant
age influenced the infection types of some isolate/plant line combinations (Bevan et al.
1993a). An age-related, developmentally regulated general form of resistance was also
suggested to explain variation in resistance in the interaction between A. thaliana and its
bacterial pathogen Pseudomonas viridiflava (Goss & Bergelson 2006). In the interaction
between Pl. lanceolata and its powdery mildew, Po. plantaginis, it has been demonstrated
that the initial recognition steps remain robust over temperature and nutrient gradients, while
further infection development is strongly regulated directly by environmental variation as
well as indirectly through genotype specific (both host and pathogen) responses to that
variation (Laine 2007b). Indeed, a general conclusion emerging from these studies is that
resistance expression is far from the stable phenotype assumed in epidemiological models
and models of host-parasite coevolution.

Additional predictors of disease levels in the field include phenological traits affecting
transmission (e.g. timing of leaf flushing; Desprez-Loustau et al. 2010), timing of flowering
and flower production for pollinator-transmitted diseases such as anther smuts; (Thrall &
Jarosz 1994), implying genetic differences among plants that affect their exposure to
inoculum (Alexander 1989; Alexander et al. 1996). These passive resistance mechanisms, in
which plants may be physiologically susceptible but avoid infection due to genetic traits that
reduce the probability of contact between host and pathogen, are likely to be an important
component of resistance in some systems (Burdon 1987).

How is resistance measured?
Inoculations and transplant experiments

Experimental inoculations continue to be the most common way of classifying whether or
not host plants harbour resistance to particular pathogen lines (Table 1). The development of
high throughput genetic technologies such as next generation sequencing, and the increasing
profile of ecogenomic studies that explicitly integrate molecular and ecological approaches,
suggests that we will likely see an increase in work documenting sequence variation in
particular host resistance genes; this could usefully expand our understanding, which is
currently based on model species such as Arabidopsis, to a diversity of wild plant-pathogen
associations (cf. Vera et al. 2007). While molecular methods provide exciting new
opportunities for the study of host-pathogen interactions, inoculating a given host genotype
with a given pathogen genotype will nevertheless remain a powerful way of directly
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documenting infection outcomes for a given genotype-by-genotype interaction. However, it
could be argued that many inoculation studies have yielded little information about the
actual structure of plant-pathogen interactions in natural environments, since plants have
been tested with arbitrary pathogen genotypes not necessarily representative of those found
in their native habitats. The origin of the strains used to score host responses has a
tremendous impact on the levels of resistance likely to be identified (see ‘Resistant or not’
below). Hence, while the use of sympatric, allopatric or standard sets of pathogen strains all
yield valuable information on host resistance, study designs need to match the questions
being asked.

Transplant experiments where plants are introduced back into their native environment and
their infection status monitored, have several benefits over inoculation studies carried out in
controlled environments. First, as discussed above, infection outcomes may be mediated by
locally varying environmental conditions generating variation in coevolutionary trajectories
(Thompson 1999; Thompson 2005; Ridenhour & Nuismer 2007; Laine 2008). Second,
transplant studies capture the natural range of pathogen variability, in contrast to laboratory
experiments that typically only use a subsample of the local pathogen population (Laine
2007a). Third, for plant-pathogen interactions where passive mechanisms such as disease
avoidance are an important component of resistance (Alexander 1989), transplant
experiments are more likely to capture the full resistance profile of the individual
(Ridenhour & Nuismer 2007). However, a major downside of transplant experiments is that
it may be difficult to uncover the underlying variability that is characteristic of strain
specific resistance under field conditions, where a few highly infective clones may cause the
majority of infections (Laine 2007a).

Linking molecular and phenotypic resistance diversity
Linking phenotypic and molecular data on disease resistance has not been done frequently,
although it has been strongly argued that, to further our understanding of coevolutionary
processes, traditional phenomenological approaches need to be complemented by studies
that focus on the molecular genetics of host-pathogen interactions (Woolhouse et al. 2002).
There are as yet few examples where this type of analysis has been attempted, but these are
valuable first steps to the wider application of molecular tools to studies of host-pathogen
interactions. Jorgensen and Emerson (2008) studied the molecular diversity of the RPW8
gene (Recognition of Powdery Mildew) in A. thaliana. They did not find a tight correlation
between disease resistance phenotype and RPW8 haplotype but, notably, resistant
individuals consistently possessed at least one copy of RPW8.1 or RPW8.2, or of both of
them. Previous QTL (Quantitative Trait Loci) analyses identified the regions on
chromosome 3 containing RPW8 as the major source of resistance to powdery mildew
pathogens, but the finding of other minor QTLs in these analyses suggest that resistance is a
polygenic trait (Jorgensen & Emerson 2008), which explains why a tight association is not
expected between the phenotype and the RPW8 haplotype. Barrett et al. (2009) found that
isolates of M. lini from L. Marginale populations show extensive sequence variation and a
signature of strong positive selection at the AvrP4 and AvrP123 loci. Transient expression
of these AvrP123 and AvrP4 variants in L. marginale plants triggered hyper-sensitive
responses in some host genotypes, suggesting that there is differential recognition of these
genes by R genes in the host population, and indeed there is variation in the frequency of
AvrP123 and AvrP4 variants between populations (Barrett et al. 2009). The Arabidopsis-
downy mildew (Hyaloperonospora arabidopsidis) interaction offers a powerful set of
molecular tools for population studies. Both genomes have now been sequenced, and at least
nine RPP resistance genes in Arabidopsis and two corresponding Avr genes from downy
mildew have been cloned. Hall et al. (2009) showed extensive variation in the RPP13 and
corresponding ATR13 loci amongst host and pathogen isolates from wild populations. In the
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interaction between wild bean (Phaseolus vulgaris) and a deuteromycete fungus
Colletotrichum lindemuthianum, populations (separated by some tens of kilometres) were
differentiated for both neutral RAPD (Random Amplified Polymorphic DNA) markers as
well as for phenotypic resistance and RGC (Resistance Gene Candidate family) markers.
However, at a larger spatial scale, regions separated by some hundreds of kilometres were
differentiated only for the two RGC molecular markers, suggesting that resistance diversity
may not be driven by the same selective forces as at the molecular and phenotypic levels (de
Meaux et al. 2003). These findings highlight the importance of taking complementary
approaches at both the molecular and phenotypic level when studying patterns of disease
resistance.

Resistant or not
We used studies that reported qualitative measures of resistance (% of hosts infected or % of
resistant responses) to first measure the frequency of resistance in natural plant populations.
We then tested how origin of the pathogen strains affects the level of resistance measured in
inoculations. The origin of strains was categorised as being ‘Sympatric’ (from the same
population), ‘Allopatric1’ (originating from populations ≤ 2 km away), and ‘Allopatric2’
(originating from populations > 2 km away). The classification of the two allopatry
categories was justified by studies that show the probability of contact between host and
pathogen populations separated by more than 1-2 kilometres drops drastically (Thrall et al.
2002; Laine 2005; Niemi et al. 2006; Roslin et al. 2007). Data on resistance levels were
normally distributed and hence we used ANOVAs to determine whether levels of resistance
depend on the origin of the strains.

We find that on average, wild plant populations are more likely to be susceptible than
resistant to their pathogens (58.6% susceptibility vs. 41.4% resistance, Fig. 1a).
Interestingly, we also find that the choice of strains used to classify host resistance is a major
determinant of the levels of resistance observed, and thus is an important consideration.
When hosts are scored with sympatric strains, studies typically measure much lower levels
of resistance (average 32.1%, Fig. 1a). When plants are scored with pathogens from
neighbouring populations (< 2 km away), resistance levels are somewhat higher (39%).
Plant populations harbour the highest levels of resistance to allopatric pathogen strains
originating typically some tens to hundreds of kilometres away (Table 1; 47.5%, Fig. 1a).
The overall trend of an increase in resistance with greater distance between the host
population and pathogen source population was not statistically significant (F2, 35 = 1.95, P
= 0.157). However, the comparison between resistance measured against sympatric strains
and strains originating from furthest away (Allopatric2) was marginally significant (F1, 27 =
3.82, P = 0.061; Fig. 1a).

Finding susceptibility to sympatric pathogen strains is in itself not surprising, since the
collection of pathogen samples from plants within a particular host population inevitably
involves a bias as only strains capable of attacking at least some of these hosts will be found.
Finding that resistance increases as distance between host and pathogen origin increases can
certainly be taken as evidence of pathogen local adaptation. Indeed, seven of the 36 studies
reviewed were specifically designed to test whether pathogens are adapted to their local
hosts, and six studies found evidence to support this (Parker 1985; Thrall et al. 2002; Laine
2005; Niemi et al. 2006; Sicard et al. 2007; Springer 2007). However, our results show an
increase in host resistance to pathogen strains the host is likely to never or rarely encounter.
This may seem counter-intuitive given that some studies suggest that resistance is a costly
trait for the host (Bergelson & Purrington 1996; Tian et al. 2003), although this may not be a
general feature (Brown 2003b; Brown 2003c; Brown 2003a; Burdon & Thrall 2003). In this
respect, one would expect ‘unnecessary’ resistance to be selected against, although the rate
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at which this occurs across metapopulations will at least partly depend on the degree of
among-population isolation as well as colonisation-extinction processes; even in situations
where disease is absent, the time to lose even a costly R gene may be many generations
(Thrall & Antonovics 1995).

However, it is also possible that in natural populations resistance is not always as costly as
traditionally has been assumed (Laine & Tellier 2008). At least one plant protein belonging
to the major class of R proteins has a developmental role (Faigon-Soverna et al. 2006), so it
is possible that some R proteins may contribute to host fitness in other ways than the
resistance they confer to their hosts. One mechanism that can explain some instances of
apparently high resistance costs is hybrid incompatibility. In several cases the underlying
basis of this phenomenon has been characterised as an incompatibility between different
members of an R protein complex that leads to inappropriate activation of defence response
(Bomblies & Weigel 2007; Yamamoto et al. 2010) . However, such interactions are also
important for maintaining reproductive barriers, and hence there may be underlying benefits
as well. Furthermore, resistance genes that are ineffective against all current pathogen races
have been reported to have some residual effects on pathogen development (Pedersen &
Leath 1988). Alternatively, these ‘unnecessary’ resistance genes may in fact serve an
important function at the population level by reducing the effectiveness of incoming
inoculum, even for relatively infrequent colonization attempts by the pathogen. This may
delay disease development in such host stands by weeks, months or even entire growing
seasons (Burdon & Jarosz 1991; Burdon et al. 1996).

Resistance and life-history
Life-history is considered to play a major role in determining the genetic structure and
evolutionary potential of host-pathogen interactions (for reviews, please see Barrett et al.
2008; Burdon & Thrall 2009). Essentially all key stages of the interaction are determined by
life-history characteristics, starting from how frequent contact is between host and pathogen,
to which life history stages of the host are affected by infection. We extracted information
on both host and pathogen life history features, as summarised in Supporting Information,
Table S1 for the same set of studies reporting qualitative measures of resistance as used for
the analysis presented in Figure 1a. We used ANOVAs to test how life history, the origin of
pathogen strains, and their interaction, affect levels of host resistance. The results of all
ANOVAs are presented in Table S2. Hosts were least resistant to pathogens that are wind
dispersed, with higher resistance detected for pathogens dispersed by insect vectors and
highest resistance observed for water dispersed pathogen (F2, 28 = 5.56, P = 0.009; Fig. 1b).
As found earlier, highest levels of resistance were found against ‘Allopatric2’ strains (F2, 28
= 4.43, P = 0.021; Fig. 1b), and this trend did not vary significantly for the different
pathogen dispersal modes (F4, 28 = 1.43, P = 0. 251; Fig. 1b). These differences in overall
resistance may be related to asymmetries in fitness effects of infection caused by pathogens
with qualitatively different life histories. For example, many airborne pathogen have general
debilitative effects while vector-borne smuts frequently castrate their hosts (Burdon & Thrall
2009).

None of the other life-history characteristics that we tested (host mating system, mode of
pollen dispersal, host dispersal model, or pathogen specificity) had significant effects on
resistance (Table S2). However, the data suggest interesting differences for many of these
classifications that we were simply not able to pick up because of a lack of statistical power.

Resistance variation
While mutational change at individual resistance or avirulence loci may not be grossly
dissimilar, the major differences that occur in propagule production between hosts and
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pathogens (typically many orders of magnitude) strongly support the contention that
pathogens would, through faster evolution (Parker 1985; Clay & Kover 1996; Thrall et al.
2002; Laine 2005; Niemi et al. 2006; Sicard et al. 2007; Springer 2007), leave their hosts
defenseless, were it not for the basic feature of the host's counter strategy – variability. Here
we find that a higher level of diversity in resistance phenotypes within populations does
indeed provide greater protection against pathogens in wild plant-pathogen interactions (Fig.
2). For studies reporting host population phenotypic diversity and average resistance
(qualitative measured resistance; studies are identified in Table 1), we tested whether higher
levels of phenotypic resistance diversity in fact provide better protection against pathogens.
For this purpose we used ANCOVA analysis (implemented in SAS 9.1) with the number of
resistance phenotypes divided by the number of host genotypes tested as a covariate, and
study system (i.e. which host and pathogen species) as a fixed factor to explain average
resistance (with a normal distribution of errors). There was a significant positive association
between the diversity of resistance phenotypes and average population level of resistance
(F1, 24= 7.28, P = 0.0152), As expected, the average level of resistance differed between the
study systems, although not significantly (F6, 24 = 2.25, P = 0.0879). The association
between resistance phenotype diversity and average level of resistance did not vary between
the different study systems, thus, the statistically non-significant study system × phenotypic
diversity interaction was not included in the final model. There is considerable variation in
this trend of higher diversity conferring higher resistance levels (R2 = 0.49), which in part
may be explained by the fact that the origin of the pathogen isolates used to score resistance
varies between the different studies (Table 1, see above ‘Resistant or not’). Very few studies
had explicitly explored this relationship between resistance diversity and level of resistance
(See below ‘Host population differentiation: Implications for pathogen epidemiology and
evolution’).

Patterns of resistance at different spatial scales
Essentially all the studies reviewed here report variation in disease resistance, regardless of
the spatial scale at which resistance was studied (Table 1). Below we briefly review the
results from a range of different studies on levels of resistance and resistance diversity.

Within host variation
While several studies identified host genotypes that were monomorphic in their resistance
response (fully susceptible or fully resistant; e.g. Bevan et al. 1993a; Burdon et al. 1999;
Laine 2004; Lebeda et al. 2008), individual level variation was detected in all studies where
it was explicitly looked for. For resistance controlled by major genes the genes underlying
defence-traits are highly variable, resulting in the occurrence of genotypes with varying
degrees of susceptibility to pathogens (Bergelson et al. 2001). A striking feature of plant R
genes is that they can be highly variable in copy number, gene structure and allelic
composition within species, resulting in the occurrence of genotypes that vary in their
degree of susceptibility to pathogens (Bergelson et al. 2001). Over the last fifteen years, the
identification and cloning of over 100 resistance genes has revealed that they share sequence
similarities and can be categorized into several R-gene classes. Intragenic recombination and
point mutations appear to be the major evolutionary mechanisms generating novelty in R
genes (de Meaux et al. 2003). The most common functional domain found in R genes is the
C-terminal Leucine Rich Repeat (LRR) domain. The LRR domain has been shown to be
highly variable, with the hallmark of diversifying selection detected on the solvent exposed
residues of many R genes. Thus, LRR diversity may be primarily shaped by pathogen
diversity (Michelmore & Meyers 1998).

To a great extent, what then determines variability within host individuals depends on the
number of loci involved in R gene mediated defence. The estimates from wild plant species
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vary. For the interaction between Chondrilla juncea and its obligate rust pathogen, Puccinia
chondrillina, it was necessary to postulate a minimum of 11 resistance genes to explain the
observed patterns of resistance diversity (Espiau et al. 1998). In two populations of Senecio
vulgaris six and ten genes for resistance to Erysiphe fischeri were suggested to occur (Bevan
et al. 1993a; Bevan et al. 1993b). A minimum of six resistance genes was needed to explain
the observed patterns of resistance within a single L. marginale population attacked by the
rust pathogen M. lini (Burdon & Jarosz 1991). Overall, the existence of multiple resistance
loci appears to be common in natural plant populations (Thrall & Burdon 1997).

Within and among population variation
Despite indications that R gene diversity may generally be high, for many wild plant-
pathogen associations, some populations are found in which variation for disease resistance
does not occur or is limited (Jarosz & Burdon 1991; de Meaux et al. 2003; Kniskern &
Rausher 2006); while in others considerable intra-population diversity for resistance has
been detected (Espiau et al. 1998; Thrall et al. 2001; de Meaux et al. 2003; Laine 2004;
Niemi et al. 2006). Many studies report high numbers of resistance phenotypes occurring
over very small spatial scales (measured over only a few metres within populations; e.g
Bevan et al. 1993a; Burdon & Thompson 1995; Laine 2006). Within host populations no
strong spatial structuring of resistance phenotypes (i.e. similar phenotypes occurring more
closely together than would be expected by chance) has been detected; (Burdon & Jarosz
1991; Laine 2006). However, it is possible that spatial structuring occurs over smaller spatial
scales than have been examined (A. Nemri et al. unpublished data).

As expected, there is variation in host resistance among populations of the same plant-
pathogen interaction. The studies we have considered cover very different spatial scales,
ranging from neighbouring populations which are separated by some hundreds of metres to
populations separated by several hundreds of kilometres (Table 1). While some studies find
significant differences among populations in their average level of resistance (Thrall et al.
2002;Niemi et al. 2006), other systems show relatively similar overall levels of resistance
(Carlsson-Granér 1997;Thrall et al. 2001). In the Plantago-Podosphaera interaction
populations with a history of infection showed more similar levels of resistance than did
host populations that were known to have been uninfected for several successive years
(Laine 2004;Laine 2005).

How evenly resistance diversity is distributed among populations varies between study
systems. Parker (Parker 1985) found little variation in the observed phenotypic distribution
among plant families within sites and large differences among sites, which is not surprising
for isolated, inbred subpopulations undergoing genetic drift such as those of Amphicarpaea
bracteata. In the Pl. lanceolata – Po. plantaginis interaction no evidence was found for
greater similarity in the resistance phenotypic compositions of neighbouring than far-away
populations (Laine 2004). A similar, seemingly random distribution was observed by
Davelos et al. (1996) in resistance to rust infection of the clonal plant, Spartina pectinata. In
contrast, Thrall and colleagues (2001) found evidence for greater similarity in the resistance
phenotypic compositions of neighbouring than far-away populations in the L. marginale –
M. lini interaction for the most common resistance phenotypes. These common resistance
phenotypes also tended to show a higher degree of susceptibility than the rarer forms to 12
standard pathogen isolates (each with a unique infectivity phenotype). Interestingly, the
number of resistant responses shown by individual hosts was negatively correlated with their
prevalence across the metapopulation (Thrall et al. 2001), which could suggest negative
frequency dependent selection.

Recent studies have demonstrated the fundamental role that biophysical variation in the
surrounding environment may play in determining the outcome of coevolutionary

Laine et al. Page 10

J Ecol. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



interactions between hosts and parasites (Thomas & Blanford 2003; Price et al. 2004;
Mitchell et al. 2005; Fels & Kaltz 2006; Lambrechts et al. 2006; Laine 2007b; Laine 2008;
Vale et al. 2008). Thus, it is not surprising that a number of studies have found strong
differentiation in resistance that correlates with different habitat types. In the interaction
between A. thaliana and its bacterial pathogen P. viridiflava, whether plants originated from
a fallow or agricultural field had a significant effect on measures of resistance with average
resistance being significantly greater for plants from cultivated sites (Goss & Bergelson
2006). In the interaction between L. marginale and M. lini, there was a significant effect of
ecotype due to the overall lower resistance of bog populations as compared to the more
resistant hill populations (Thrall et al.2001). What maintains this type of resistance structure
difference among ecotypes is currently being investigated.

Regional patterns of resistance
To date there are few data available on the resistance structure of wild host populations over
large regional spatial scales. In the interaction between L. marginale and M. lini, populations
of Linum located in the mountains and plains regions of New South Wales of Australia are
separated by several hundred kilometres. Detailed studies of host resistance structure within
and between these regions showed large differences in average resistance, both among
populations within the mountains and plains areas, as well as between regions (Burdon et al.
1999). Levels of within-family heterogeneity in disease resistance in the mountain
populations were low while heterogeneity within family lines was much more frequent in
the plains. This may be explained by differences in the mating system of the host plant
between these regions; L. marginale is predominantly selfing in the mountains while
significant outcrossing has been detected in the plains. Despite the higher levels of
heterozygosity and outcrossing in the plains populations, gene diversity (h) was actually
higher in the mountain populations. These populations are more polymorphic although with
a greater proportion of variation occurring in multilocus homozygous genotypes, whereas in
the plains metapopulation there is considerable evidence for continuing recombination
through outcrossing (Burdon et al. 1999). A continental analysis of host resistance in L.
marginale to M. lini demonstrated that three host lines were susceptible to all 37 isolates of
M. lini while the remaining 39 showed resistance to various combinations of the M. lini
isolates. None were resistant to all isolates (Burdon et al. 2002). In contrast with pathogen
infectivity data, which indicated clustering of strains according to their area of origin, there
was no evidence for regional groupings of different multi-pathogen resistance phenotypes.
Host lines from Tasmania, New South Wales, and South Australia were all apparently
randomly distributed throughout the cluster tree (Burdon et al. 2002).

In the Lactuca serriola - Bremia lactucae interaction, resistance of the host was screened
along an east-to-west transect across the Czech Republic, Germany, Netherlands and the
United Kingdom. The results show large variation both among and within individual
populations and countries. A clear gradient of increasing uniformity of race-specificity was
detected when moving from central to western Europe, as well as a slight decrease in the
diversity of resistance phenotypes (Petrzelova & Lebeda 2010). Forty-five resistance
phenotypes against B. lactucae were found in 16 L. serriola populations across the Czech
Republic. Eight common resistance phenotypes represented 80% of the studied plants, and
the remaining genotypes were generally rare (Lebeda et al.2008). In contrast to the high
levels of diversity detected in other systems, the interaction between wild bean and C.
lindemuthianum was characterised by three areas, separated by some hundreds of
kilometres, which were not differentiated with respect to host resistance phenotypes, and
where overall levels of diversity were similar (de Meaux et al. 2003).
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HIERARCHICAL RESISTANCE STRUCTURE
Long-term studies of the L. marginale – M. lini and Pl. lanceolata – Po. plantaginis
interactions provide an opportunity to examine how resistance diversity is hierarchically
distributed across different spatial scales within the same pathosystem. We have comparable
datasets from both of these interactions where sympatric and allopatric pathogen strains
were used to score resistance within host populations and in neighbouring host populations
separated by some hundreds of metres up to two kilometres (called here the ‘within
metapopulation’ scale), as well as between metapopulations separated by some tens of
kilometres. For details on study designs and experimental protocols, please see Thrall et al.
(2002) and Laine (2005). Data from previous studies have shown that these arerelevant
scales of examination for these interactions: pathogen populations show adaptation at
thismetapopulation scale and have frequent gene flow among host populations within the
metapopulations (Thrall et al. 2002; Laine 2005). We use generalised linear mixed models
(GLMM; Breslow & Clayton 1993) to estimate variance components for random effects
which were: individual plants within populations, populations within metapopulations and
among metapopulations(hierarchical levels of variation, as described in Roslin et al.(2006)).
Analyses were carried out in SAS System for Windows 9.2, using the GLIMMIX macro
(Littell et al. 1996). The response variable in both analyses is host resistance/susceptibility
(0/1) against a given pathogen strain, and hence the model assumes binomially distributed
errors and a logit link function.

For both associations we find that the level of variation explained decreases at higher spatial
scales (Fig. 3). The amount of variation not explained (‘Residual’ in Fig. 3) by the model
variables – spatial scales – are 53% and 49% for L. marginale and Pl. lanceolata,
respectively. For both L.marginale and Pl. lanceolata most of the variation in resistance
diversity can be found within host populations (32% in L. marginale and 45% in Pl.
lanceolata; Fig. 3). Highly asymmetric disease encounter rates coupled with microclimatic
variation are considered to generate such high levels of within population variation in Pl.
lanceolata (Laine 2004;Fig. 3;Laine 2006;Laine 2007b)(Fig 3). For L. marginale, higher
levels of variation in resistance were detected among neighbouring populations than in Pl.
lanceolata (10% vs. 6%; Fig. 3). This could be explained by ecotypic differentiation among
neighbouring L. marginale populations that occur in hill and bog habitats (Thrall et al.
2001). In Pl. lanceolata negligible variation in disease resistance could be attributed to
differences among metapopulations (~1%), while in L. marginale 6% of the variation
explained by the model was found among metapopulations. In Figure 3 we summarize the
different processes that have been identified to drive resistance structure at different spatial
scales for these interactions in long-term studies.

What generates variation in disease resistance?
There is sufficient evidence to conclude that disease resistance in wild plant populations has
a genetic basis, is heritable, and is a trait containing high levels of variability in space and
time (See review by (Salvaudon et al.2008), providing ample opportunities for selection to
act. However, assessing the relative importance of adaptive vs. non-adaptive processes (e.g.
random drift, bottlenecks, and founder effects) in driving the resistance structure of wild
plant populations has remained difficult.

While pathogens are widely recognized as one of the most potent ecological and
evolutionary forces driving the dynamics of their hosts, we have little direct evidence of
adaptive changes in the resistance structure of wild plant populations (e.g. Burdon &
Thompson 1995) in response to pathogen attack. Aside from selection that may be imposed
by costs of resistance (Bergelson & Purrington 1996; Tian et al. 2003), non-adaptive
evolution has been suggested to be a strong force shaping plant populations. The sessile
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growth form of plants, together with restricted recombination due to high levels of self-
fertilization and clonal reproduction, increases the chance of nonadaptive, or even
maladaptive, evolution. Furthermore, extinctions and rapid population expansions following
colonizations from a few founder individuals are frequent, and are associated with small
effective population size and random genetic drift (Silvertown & Charlesworth 2001). It has
also been suggested that genetic hitchhiking resulting from linkage between resistance genes
and other traits under even more intense selection may affect the genetic composition of
plant populations, where selection on resistance is swamped by these processes (Burdon &
Thompson 1995). Alternatively, disease could impose selection on traits other than
resistance, for example on demography or phenology, when larger or earlier emerging plants
are more likely to become infectedand may support higher levels of infection,and hence may
suffer higher mortality (Burdon & Thompson 1995; Desprez-Loustau et al. 2010).

Detecting signs of adaptive responses to pathogens in nature may be further complicated by
the fact that selection intensity imposed by pathogens is characterized by the temporal and
spatial asynchrony characteristic of pathogen epidemics, variation in epidemic amplitudes
between host populations, and distance-dependent migration and gene-flow (Burdon et al.
1995; Antonovics et al. 1998; Ericson et al. 1999; Smith et al. 2003; Antonovics 2004;
Laine & Hanski 2006; Soubeyrand et al. 2009) (Smith et al. unpublished data). In addition
to the spatially and temporally heterogeneous nature of selection pressure of pathogens,
patterns of selection are also likely to be influenced by a range of factors including the life-
history and dispersal mechanisms of both host and pathogen (Barrett et al. 2008). For
example, a comparison of the reaction of a Trifolium repens population to two different
pathogens, Cymadothea trifolii and Pseudopeziza trifolii, revealed marked differences in the
frequency distribution of disease resistance (Burdon 1980). Resistance to C. trifolii was
normally distributed while resistance to P. trifolii was strongly skewed, with the majority of
the population showing a high degree of resistance. The higher severity of past epidemics in
the study population, and putative higher fitness costs associated with infection by P. trifolii
are likely causes of the difference in resistance against these two pathogens in the host
population (Burdon 1980). Studies measuring host resistance profiles within the same
populations, butagainst different pathogens, especially those which differ in their effects on
host fitness, could yield valuable tests of the potential pathogens have as selective forces
driving the resistance of their hosts.

Potentially, spatial pattern could arise in a host-pathogen association through an interaction
between microclimate and pathogen development rates, leading to marked differences in
selection pressures over very short distances (i.e. within local populations). To date one of
the few studies reporting pathogen imposed selection on host resistance at this scale comes
from the Pl. lanceolata-Po. plantaginis interaction (Laine 2006). Detailed epidemiological
data collected within host populations over several consecutive years demonstrated
encounter rates between host and pathogen to be highly divergent at a scale of a few metres,
due to a highly predictable seasonal spread of local epidemics. Resistance was higher in
areas within host populations where disease encounter rates have been systematically high
than in areas where they have been low. Furthermore, resistance was higher toward
sympatric than allopatric pathogen strains, further suggesting a response to selection caused
by the local pathogen population. The fine scale selection mosaic may have formed through
an interaction with the physical environment as the study coincided with severe drought,with
the highest levels of mortality in areas of the populations where disease had been most
prevalent (Laine 2006). In the interaction between groundsel and its powdery mildew, it was
suggested that that climatic conditions were most favourable to mildew at the site where
resistance was found to be highest, having resulted from greater selection intensity (Bevan et
al. 1993a).
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Suggestions of pathogen-mediated selection also come from the pollinator-transmitted
anther smut infecting Silene dioica. Rapid rates of disease spread in some newly infected
populations, as compared to sites with a long history of disease, could be explained by a
higher frequency of resistant genotypes accumulating following exposure to the fungus
(Alexander et al. 1996). Elmqvist et al. (1993) further found that S. dioica plants derived
from a completely healthy site had larger flowers and longer styles, and also received more
spores, than plants derived from a site with high disease, suggesting pathogen selection
(mediated by the vector) for floral traits conferring resistance (Alexander et al. 1996). In the
interaction between Ipomoea purpurea and its rust pathogen Coleosporium ipomoea,
differences among populations in the frequencies of resistant plants are postulated to be
caused by an underlying divergence in allele frequencies at Rci1 (Kniskern & Rausher
2006). Although direct information on the cause of this divergence is not available, it is
unlikely to be entirely due to genetic drift. Coleosporium ipomoea is a potent pathogen that
substantially reduces plant fitness. Moreover, resistant genotypes exhibit a substantial cost
of resistance that can reach 15.5%; this cost generates a fitness differential at the Rci1 locus
at low pathogen densities. It thus seems unlikely that variation at this locus is neutral,
allowing for divergence by drift (Kniskern & Rausher 2006).

Host population differentiation: Implications for pathogen epidemiology
and evolution

It is commonly argued that the greater genetic diversity of host plants in natural
communities may give rise to more stable associations with pathogens than the ‘boom-and-
bust’ cycles seen in many agricultural crops (Burdon et al. 2006). While many factors will
influence the prevalence and severity of disease in host populations, both resistance diversity
and average level of resistance are likely to have an impact on both within-season and
between-season dynamics of pathogen populations (Thrall & Burdon 2000; Laine 2004). In
agricultural systems it has become evident that increasing resistance diversity within
populations often leads to reduced pathogen prevalence, at least temporarily (Browning &
Frey 1969; Wolfe 1985; DiLeone & Mundt 1994; Zhu et al. 2000). Most of what is known
about natural systems comes from studies that have taken an experimental approach. Using a
series of experimental host populations with dissimilar genetic compositions, several studies
have shown that disease levels are higher in less diverse host stands (Schmid 1994; Thrall &
Jarosz 1994), and that disease declines in resistant populations while the host and the
pathogen may be more likely to coexist in susceptible populations (Alexander et al. 1996).

Thrall & Burdon (2000) demonstrated a negative relationship between resistance diversity
and disease prevalence in the natural populations of L. marginale infected by M. lini.
Furthermore, host resistance varied as a function of population connectedness, with average
population resistance increasing in connected populations, compared to more isolated host
populations. This could explain why disease prevalence decreased in regions where host
populations were more continuous (Carlsson-Granér & Thrall 2002). Antonovics (2004)
proposed that increased disease resistance in the metapopulation as a whole could partly
explain why rates of disease colonization have declined in the Silene – Microbotryum
pathosystem in SW Virginia, USA. Overall, the diversity of disease resistance that we find
in wild plant populations is likely to partly explain why damaging regional epidemics are so
rare in natural situations. In Pl. lanceolata, resistance diversity and mean resistance both
have potentially strong effects on pathogen epidemiology – populations with higher
resistance diversity and mean level of resistance are less likely to be colonized by the
pathogen than more susceptible and less diverse host populations (Laine 2004).

Much less is known about how resistance diversity may affect pathogen evolution. There is
some evidence that high levels of resistance select for high levels of infectivity in the
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associated pathogen population (Thrall & Burdon 2003; Niemi et al. 2006). However, while
these findings appear to support the ‘naïve’ coevolutionary expectation for a host-pathogen
arms race, highly virulent pathogen strains do not seem to dominate natural pathosystems
(de Nooij & van Damme 1988b; Bevan et al. 1993c; Thrall et al. 2002; Laine 2005). This
suggests that pathogen evolution may be constrained by trade-offs between transmission and
infectivity (Bull 1994; Thrall & Burdon 2003), where pathogens balance reductions in the
quality and quantity of host resources against the benefits of their own rapid growth and
reproduction.

Conclusions and future research
In conclusion, diversity in disease resistance in natural host plant populations is ubiquitous,
with resistance diversity being found across all spatial scales, ranging from within-
individual polymorphism to continental scales. While any given plant population is more
likely to be susceptible than resistant to the pathogens attacking it, diversity in resistance
appears to be the best counterstrategy for plants against their pathogens. Much of the
variation seen in disease resistance is found within host populations, but this scale alone
does not explain the patterns of diversity in natural plant-pathogen interactions, as
demonstrated by the hierarchical analysis of the M. lini and Pl. lanceolata resistance
structures in Figure 3. We have some convincing examples of pathogen-imposed selection
on host population resistance structure, yet metapopulation dynamics and heterogeneous
selection processes must be taken into account if we want to understand how resistance
diversity is structured and maintained in plant populations.

Figure 4 summarizes the interplay between genetic diversity, metapopulation dynamics, the
environment and spatial structure in driving host-pathogen coevolution. Host and pathogen
life-history (e.g. dispersal, mating system, transmission mode) is an important determinant
of the outcomeht of the coevolving interaction. The relative importance of these different
components on host-pathogen coevolution in natural systems is likely to vary spatially and
temporally. Thus, we argue that a key aim for host-pathogen research is to generate a
consensus of how life-histories, spatial structure and population dynamics interact to jointly
determine patterns of genetic and phenotypic variation in resistance and virulence.
Specifically, under which conditions are we to expect high levels of diversity and what
situations may favour a decrease or maintenance of low diversity? What conditions favour
the emergence and spread of novel pathogen and host genotypes? Furthermore, we need to
better understand how disease resistance impacts disease dynamics and pathogen evolution.
Simplified assumptions about links between host resistance and disease underlie much of
modern crop protection strategies, yet there is little data to validate these ideas.

Hence, we identify five areas where future research could assist with estimation of the
relative importance of processes outlined in Figure 4 in driving coevolutionary dynamics in
plant-pathogen interactions:

i. Studies of the same interactions across multiple spatial scales will allow us to more
accurately determine the relative importance of selection, and how it varies across
space and time, metapopulation dynamics, and environmental heterogeneity, in
driving host population resistance structure.

ii. Increasing the number of studies that span a greater range of host-pathogen
interactions will enable us to better estimate how coevolutionary trajectories are
determined by the life-histories of the host and its pathogen. Our preliminary
analyses of a limited number studies suggest that both levels of resistance and their
spatial structure may be driven by life history features.
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iii. In the last decade it has become increasingly clear that both resistance and
infectivity may be profoundly affected by environmental conditions through G (×
G) × E interactions. Identification of key environmental variables driving the
coevolutionary cycle is required to understand patterns of disease and how
polymorphism is maintained in the interaction traits of both hosts and pathogens.

iv. While the influence of spatial structure of coevolutionary dynamics has long been
recognized, we are still far from a predictive understanding of how connectivity at
different spatial scales generates spatial variation in disease resistance. Mapping of
resistance across different spatial settings coupled with studies of experimental
evolution will be most useful for this purpose. Species distributions are rapidly
changing under human imposed fragmentation and climate change and we need to
understand how this may impact on the resistance structure of natural plant
populations and disease dynamics.

v. We are still a long way from linking resistance phenotypes with molecular
diversity, and the structure and function of particular proteins but, given that
resistance may be a much more complex trait than traditionally assumed, an
integrated ecogenomic approach is needed to fully understand variation in disease
resistance.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
a) Population level qualitative resistance (%) averaged for all inoculations regardless of
pathogen origin (black bar), and divided into categories: resistance against pathogen strains
collected from the same population (Sympatric; light grey bar), resistance against strains
from neighbouring populations (Allopatric1; medium grey bar) and resistance against strains
from faraway populations (Allopatric2; dark grey bar). Error bars are based on standard
errors of the mean. The overall trend was not statistically significant (P = 0.157), while the
comparison between Sympatric and Allopatric2 was marginally significant (P = 0.061).
Numbers in the bars show the number of studies used for each estimate. b) Qualitative
disease resistance levels differed depending on the mode of pathogen dispersal (P = 0.009),
and the origin of strains used to measure resistance also had a significant effect on the level
of resistance measured (P = 0.021). Studies used for these analyses are depicted in Table 1
with superscript ‘1’ and presented in Table S1.
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FIGURE 2.
Average population level qualitative resistance (%) plotted and the diversity of resistance
phenotypes detected in the same population are positively associated (P= 0.0152; R2 = 0.49).
Studies used for the estimation are depicted in Table 1 with superscript ‘2’.
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Figure 3.
a) Variance components for resistance diversity at the different spatial scales in the
interaction between L. marginale – M. lini (black bars) and Pl. lanceolata - Po. plantaginis
(grey bars); and b) Summary of processes affecting resistance diversity at different spatial
scales of the same interactions.
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Figure 4.
A schematic representation of the biotic and abiotic processes that drive the coevolutionary
cycle generating host resistance diversity across space and time. The relative importance of
the different processes may vary both spatially and temporally.
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