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Abstract

Plant resistance (R) genes are a crucial component in plant defence against pathogens1. Although 

R genes often fail to provide durable resistance in an agricultural context, they frequently persist 

as long-lived balanced polymorphisms in nature2–4. Standard theory explains the maintenance of 

such polymorphisms through a balance of the costs and benefits of resistance and virulence in a 

tightly coevolving host–pathogen pair5,6. However, many plant–pathogen interactions lack such 
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specificity7. Whether, and how, balanced polymorphisms are maintained in diffusely interacting 

species8 is unknown. Here we identify anaturally interacting R gene and effector pair in 

Arabidopsis thaliana and its facultative plant pathogen, Pseudomonas syringae. The protein 

encoded by the R gene RPS5 recognizes an AvrPphB homologue (AvrPphB2) and exhibits a 

balanced polymorphism that has been maintained for over 2 million years (ref. 3). Consistent with 

the presence of an ancient balanced polymorphism, the R gene confers a benefit when plants are 

infected with P. syringae carrying avrPphB2 but also incurs a large cost in the absence of 

infection. RPS5 alleles are maintained at intermediate frequencies in populations globally, 

suggesting ubiquitous selection for resistance. However, the presence of P. syringae carrying 

avrPphB is probably insufficient to explain the RPS5 polymorphism. First, avrPphB homologues 

occur at very low frequencies in P. syringae populations on A. thaliana. Second, AvrPphB only 

rarely confers a virulence benefit to P. syringae on A. thaliana. Instead, we find evidence that 

selection for RPS5 involves multiple non-homologous effectors and multiple pathogen species. 

These results and an associated model suggest that the R gene polymorphism in A. thaliana may 

not be maintained through a tightly coupled interaction involving a single coevolved R gene and 

effector pair. More likely, the stable polymorphism is maintained through complex and diffuse 

community-wide interactions.

Individuals within a population often exhibit a wide range of susceptibilities to infection and 

this variability has a central influence on the emergence and spread of disease9–11. The 

mechanisms that maintain resistance polymorphisms within populations have therefore been 

a major focus both of theoretical and empirical research12,13. Despite this effort, significant 

gaps persist in our understanding of how and why genetic variation in resistance traits is 

maintained. For example, current theory on the long-term maintenance of resistance 

polymorphisms assumes that a pathogen specializes exclusively on one host species. 

However, roughly half of all plant pathogens associate with multiple hosts7, and many 

sparsely populated and ephemeral host species, such as A. thaliana, are rarely attacked by 

specialist pathogens. Despite the prevalence of generalist pathogens, ancient balanced 

polymorphisms in resistance are ubiquitous in A. thaliana2. We currently lack an 

understanding of how these polymorphisms are maintained.

The interaction between A. thaliana and the model plant pathogen P. syringae is an ideal 

system to disentangle these dynamics both because P. syringae is a commonly occurring 

pathogen in wild populations of A. thaliana14 and because of the extensive knowledge of the 

molecular biology of this interaction1. P. syringae interacts with A. thaliana through the 

secretion of virulence-associated proteins (effectors) that downregulate plant basal defence1. 

A. thaliana, in turn, employs an arsenal of R gene products that recognize the action of 

specific effector proteins, inducing localized cell death (hypersensitive response) and a 

systemic production of chemical defences. These interactions fit the classic gene-for-gene 

model in requiring a close match between an effector and the corresponding R gene allele 

for a resistance response. Although P.syringae does not specialize on A. thaliana15, multiple 

R genes in A. thaliana recognize specific P. syringae effectors and exhibit balanced 

resistance polymorphisms that have been maintained for millions of years2–4. Here we 

examine the dynamics of one specific gene-for-gene interaction in co-occurring A. thaliana 
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and P. syringae populations to identify ecological and evolutionary processes underlying the 

long-term maintenance of resistance polymorphisms.

We first investigated the genetic basis of recognition in the interaction between A. thaliana 

and one of its resident P. syringae pathogens. P. syringae strain PNA29.1a was isolated 

from a natural A. thaliana population14 and shown to induce variable hypersensitive 

response on different A. thaliana accessions. To identify the effector eliciting hypersensitive 

response, we expressed cosmid clones of the PNA29.1a genome in a P. syringae strain, 

PstDC3000 (DC3000), which does not elicit hypersensitive response in A.thaliana. 

Agenomic fragment conferring induction of hypersensitive response to DC3000 was found 

to contain a homologue of the P. syringae effector avrPphB (also known as hopAR1 and 

avrPph3). Through subcloning, we confirmed that this effector, which we name AvrPphB2, 

is required for recognition. To identify the corresponding R gene, we mapped the 

hypersensitive response phenotype induced by DC3000(AvrPphB2) on an association panel 

of 75 A.thaliana accessions16 (Supplementary Table 1) and observed a single significant 

peak on chromosome1 (Fig.1a). The three most significant single nucleotide polymorphisms 

(P = 1.27 × 10−12) fell within 3.5 kilobases (kb) of RPS5, which encodes an R protein 

known to recognize AvrPphB17. To confirm that RPS5 is responsible for recognition of 

AvrPphB2, we generated six isogenic pairs of resistant (RPS5+) and susceptible (RPS5−) 

plant lines and tested whether an AvrPphB2 induced hypersensitive response is restricted to 

the RPS5+ hosts. All RPS5+ lines expressed hypersensitive response in response to 

PNA29.1a after 16–24 h, whereas their RPS5− isolines did not. As expected, growth of 

DC3000(avrPphB2) was significantly reduced in RPS5+ plants relative to RPS5− plants, 

even after correcting for multiple tests (P = 1.45 × 10−3, Wilcoxon rank-sum test) (Extended 

Data Fig. 1).

AvrPphB2 exhibits relatively low identity with AvrPphB at both nucleotide and protein 

levels (75% and 78% respectively). This divergence prompted us to ask whether AvrPphB2 

triggers host resistance in a manner similar to AvrPphB by testing whether AvrPphB2 also 

cleaves the host protein PBS1, a virulence target of AvrPphB18. An immunoblot assay 

demonstrated cleavage of PBS1 by AvrPphB2 (Fig. 1b). Furthermore, infection of RPS5+/

PBS1− plants with DC3000(avrPphB2) failed to elicit the hypersensitive response, 

confirming a conserved mode of action for PBS1-dependent RPS5 recognition of 

AvrPphB2. Thus, we find no evidence that sequence divergence in AvrPphB2 is associated 

with functional divergence in cleavage of PBS1.

RPS5 was previously shown to exhibit an ancient balanced polymorphism for its presence or 

absence in A. thaliana3. We confirmed this finding through a comparison of sequence 

divergence at the intergenic region surrounding the RPS5 locus and here estimate that the 

polymorphism has been maintained in A. thaliana for approximately 2.6 million years (with 

95% confidence intervals of 1.5–3.9 million years (refs 19, 20)). As shown previously3, the 

divergences between the Arabidopsis lyrata RPS5 locus and the A. thaliana presence and 

absence alleles are equivalent, indicating that the deletion event did not skew the inference 

of polymorphism age. Furthermore, we extended this work to examine polymorphisms 

within a broad array of A. thaliana populations worldwide using a PCR assay for RPS5 

presence/absence. The survey of 1,198 genetically distinct plants from 357 populations 
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revealed that RPS5 was present in 51% of individuals (Fig. 2). Within the 39 populations in 

which we detected four or more distinct genotypes, RPS5 was found at an average frequency 

of 56% (Fig. 2a), with both alleles present in more than 90% of these populations. Thus, 

RPS5 polymorphism is long-lived, common in extant populations and maintained at 

intermediate frequency in many local populations.

This ongoing maintenance of an ancient R gene polymorphism within populations suggests 

strongly that RPS5 confers both a fitness advantage and a fitness cost21, probably dependent 

upon the presence or absence of specific pathogen effector loci. To test for a cost of 

resistance in the absence of infection, we measured the relative fitness of RPS5+/RPS5− 

isolines in a field experiment performed in the absence of avrPphB homologues, including 

avrPphB2. Our experimental design included six pairs of RPS5+/− isolines, with replicates of 

each pair randomized within blocks in a field in Downer's Grove, Illinois, USA. 

Importantly, we used RPS5+/− isolines generated both in susceptible and resistant 

backgrounds (via Cre-lox recombination and EMS mutagenesis respectively) to allow 

assessment of fitness effects due to autoimmunity22. For the isogenic RPS5+/− pairs in the 

susceptible and resistant backgrounds respectively, the RPS5+ genotype produced fewer 

seeds (P = 0.002, P < 0.001), fewer siliques (P = 0.002, P < 0.001) and less plant biomass (P 

< 0.001 both) than the RPS5− genotype (paired t-test, n = 214 in the susceptible background 

and n = 478 in the resistant background). The fitness cost associated with the RPS5+ allele 

ranged from 5 to 10.2% (Fig. 3).

The large fitness cost associated with the presence of RPS5 suggests that a high intensity of 

pathogen-mediated selection is required for the resistance polymorphism to be maintained. 

Consistent with this expectation, a fitness benefit of roughly 20% has been reported for 

plants carrying RPS5 when infected with P. syringae containing avrPphB223. In contrast, a 

survey examining the prevalence of avrPphB and its homologues in P. syringae isolates 

from A. thaliana plants in the Midwestern USA revealed that avrPphB homologues were 

restricted to 4 out of 11 populations tested, and maintained at very low frequency (6 of 183 

isolates (3.27%); Fig. 2b), despite RPS5 being found at intermediate frequencies in this 

region (24% of plants in US populations; Extended Data Fig. 2). A. thaliana was introduced 

relatively recently into North America, and the ancient balanced polymorphism predates this 

introduction. To determine whether frequencies of avrPphB homologues are greater in 

Europe where it is naturalized, we tested for the presence of AvrPphB homologues in 131 

isolates from the extended P. syringae species complex15 from 19 A. thaliana populations 

across France (Fig. 2c). We found putative distant homologues in three (2.29%) of these 

isolates. Despite the rarity of AvrPphB homologues, RPS5+ is common in French 

populations (81% of plants in French A. thaliana populations possess RPS5). These results 

again suggest that a pairwise interaction between A. thaliana and P. syringae carrying 

homologues of AvrPphB may be insufficient for the maintenance of RPS5.

Current models to explain the maintenance of polymorphism in antagonistic species 

interactions typically assume tightly coupled interactions between specific host and enemy 

genotypes5,6. However, single R genes may recognize and interact with multiple pathogen 

effectors7,24. We hypothesized that the high frequency of RPS5 within A. thaliana 

populations may result from selection imposed by effectors other than AvrPphB 
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homologues. We tested this idea by examining differential hypersensitive responses between 

RPS5+/− isogenic plants when infected with 42 A. thaliana-isolated P. syringae strains from 

the Midwestern USA. These strains were chosen to lack avrPphB and its homologues on the 

basis of dot-blot hybridizations. One strain differentially induced hypersensitive response on 

RPS5+ plants, suggesting that RPS5 may encode a protein that has the capacity to recognize 

non-homologous effectors (Supplementary Table 2). However, the low frequency of P. 

syringae isolates with any effector recognized by RPS5 in these 42 isolates (<5%) suggests 

additional sources of selection for resistance.

A.thaliana is host to a diverse bacterial community within its leaves25. A selective 

advantage for RPS5 could result if multiple A. thaliana pathogens carry AvrPphB 

homologues or non-homologous effectors recognized by RPS5. In support of the former, 

sequence analysis suggests the potential for horizontal transfer of avrPphB among bacterial 

species. A comparison of the genomes of a P. syringae kiwi crop pathovar and an A. 

thaliana pathovar revealed that synonymous divergence between avrPphB and avrPphB2 is 

substantially greater than divergence between other shared homologues (synonymous 

divergence = 2.28 versus an average synonymous divergence of 0.60; empirical P = 0.003) 

(Extended Data Fig. 3). The unusually ancient coalescence between avrPphB homologues 

raises the possibility that at least one AvrPphB homologue was horizontally transferred from 

another bacterial species. If AvrPphB homologues persist in another species, interactions 

between A. thaliana and this other species could contribute to selection for RPS5.

Spillover of pathogens from alternative neighbouring hosts has been shown to influence 

resistance traits in plant populations7. In the agricultural and disturbed ecosystems where A. 

thaliana is commonly found, Arabidopsis exists as a small ephemeral that is a less 

predictable and productive host than co-occurring perennials and crops. Other hosts can 

provide strong selection on the virulence of P. syringae; indeed, isolates of P.syringae 

collected from other hosts consistently grow in A.thaliana where they can demonstrate 

unusually high virulence26. Infrequent infection by highly virulent strains of P. syringae 

could impose strong selection for the ability to recognize these pathovars. It is unknown, 

however, if RPS5 recognizes effectors in a wide breadth of pathovars.

To determine whether avrPphB and its homologues are present in strains isolated from 

alternative hosts, we probed a panel of 78 P. syringae strains isolated from crops. Successful 

hybridization to an avrPphB probe was observed for 21 out of 78 (27%) of the pathovar 

strains (Supplementary Table 3). We cloned 14 of these homologues, expressed them in 

DC3000 and tested for RPS5-mediated recognition. These homologues were chosen to span 

diverse P. syringae clades and thus provide a representative sample of how A.thaliana and 

P.syringae interact at the RPS5/avrPphB interface, at least in an agricultural context. Of 

course, selection imposed by crop pathovars cannot explain a polymorphism that predates 

the advent of agriculture. Nevertheless, these pathovars provide a window into how effectors 

carried by non-resident strains interact with A. thaliana. Approximately 70% (10 out of14) 

of these homologues were recognized, indicating that non-resident P. syringae can be 

subject to RPS5-mediated resistance (Extended Data Fig.4). Although the frequency of 

pathogenic spillover onto A. thaliana populations is not known, this result demonstrates that 
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pathovars of P. syringae have the potential to impose selection favouring the presence of 

RPS5 in A.thaliana populations.

The low frequency of avrPphB in P. syringae residing within the leaves of A. thaliana 

suggests a limited fitness advantage for carrying this gene. We compared growth of DC3000 

carrying an empty plasmid with the growth of DC3000(avrPphB2) (Extended Data Fig. 5), 

and found that AvrPphB2 significantly enhanced growth within an RPS5− accession 

(Wilcoxon rank-sum test, P = 0.04). The common laboratory strain DC3000 is a crop 

pathovar highly diverged from most A. thaliana isolates of P.syringae27; consequently, the 

virulence effect of AvrPphB2 may differ in the endemic P. syringae isolates. Similar 

experiments using each of three P. syringae isolates collected from A. thaliana populations 

revealed a virulence benefit in only one of the three isolates (Extended Data Fig. 6) 

(Wilcoxon rank-sum tests; P = 0.01, 0.90 and 0.50 respectively). Virulence benefits that are 

dependent on the genetic background help explain the relatively low frequency of avrPphB2 

within A. thaliana populations.

These observations are not consistent with the tight R gene and effector pairing thought 

necessary to generate stable resistance polymorphisms4,12. Our data instead suggest that 

selection favouring RPS5 is diffuse, deriving from multiple and perhaps individually small 

selective agents. Similarly, the frequency of the effector in the pathogen may be only weakly 

coupled to the frequency of RPS5 in A. thaliana. This is particularly true if P. syringae 

isolates intermittently and transiently spill over from alternative hosts to infect A.thaliana 

populations. This inconsistency between longstanding theory and our observations raises the 

possibility that diffuse interactions between A. thaliana and P. syringae may generate stable 

balanced polymorphisms.

To test this possibility, we modelled the dynamics of a resistance polymorphism under a 

range of parameters for a diffusely interacting host–pathogen pair. More specifically, we 

asked whether a balanced polymorphism could be maintained when the frequency of an R 

gene polymorphism depends upon the frequency of recognized effectors, but the frequency 

of effectors is uncoupled from R gene dynamics. To determine the conditions under which 

the polymorphism is stably maintained (stability is defined here as maintenance ≥ 100,000 

generations), we modelled the dynamics of an R gene polymorphism across a range of 

values for the cost and the frequency of infection (Fig. 4). Next, we incorporated frequency 

dependence as a mechanism to couple effector and R gene dynamics asymmetrically without 

explicitly modelling effector evolution (reviewed in ref. 12). We envision a situation in 

which infection of susceptible plants increases resource availability for uninfected plants 

owing to a population-wide reduction in plant biomass or numbers. The addition of 

frequency dependence substantially expands the parameter space over which the R gene 

polymorphism is maintained (Fig. 4b). Across a range of infection rates (20–99%), and for 

relatively low costs of infection (1–30%), the balanced polymorphism can be maintained for 

thousands of generations (Fig. 4b and Extended Data Fig. 7). Thus, the maintenance of 

resistance polymorphisms does not require a tight coevolutionary pairing.

Even though it is unlikely that many A. thaliana–pathogen interactions are tightly coupled 

(but see ref.28), A.thaliana populations exhibit widespread balancing selection at R gene 
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loci2. Little is known of the ecological factors that drive R gene evolution in A. thaliana, and 

recent studies suggest that selection on resistance is both pathogen and host dependent. Our 

results point to the maintenance of one of these ancient balanced polymorphisms through 

complex interactions with multiple hosts sharing P. syringae, and through RPS5 interacting 

with multiple effectors distributed across multiple pathogen species. Recent studies 

revealing R-gene-mediated sexual incompatibilities and divergent selection for resistance to 

necrotrophs versus biotrophs suggest that numerous additional interactions may select for 

variation at resistance loci22,29. Our corresponding model demonstrates that a stable 

polymorphism does not require the tight coevolutionary coupling of a host and pathogen, but 

rather can be maintained in the face of complex interactions such as the ones we observe. 

Many, if not most, pathogens persist in complex ecological communities, with multiple 

hosts and competitors7. Future work on host–pathogen coevolution should elucidate whether 

this complexity is a general mechanism for the maintenance of variation in susceptibility and 

resistance.

METHODS SUMMARY

A genomic library of PNA29.1a was created using the broad-host-range vector pLAFR1, 

and the genomic fragment containing avrPphB2 expressed in PstDC3000 was shown to be 

sufficient to induce hypersensitive response in Col-0 plants. The genetic basis of differential 

hypersensitive response in 75 A. thaliana ecotypes in response to infection with 

PstDC3000(avrPphB2) was mapped16 using EMMAX30. The frequency of RPS5 was 

determined by a PCR assay on genetically distinct A. thaliana lines. The fitness effects of 

the RPS5 locus for A. thaliana were tested through comparisons of six paired isogenic lines. 

Two of the pairs were derived from Cre-lox site-specific recombination involving a 

fragment of the Col-0 ecotype containing the RPS5 coding region, and the promoter and 

terminator regions in the Ga-0 ecotype. The remaining four pairs of isogenic lines within the 

Col-0 background were backcrosses of an RPS5 mutant containing an early stop codon at 

amino-acid position 319 generated in the Arabidopsis TILLING project. To measure the 

fitness effects of AvrPphB2, the growth of a P. syringae strain transformed with an empty 

pME6010 plasmid was compared with strains transformed with pME6010 containing 

avrPphB2. avrPphB homologues were amplified and cloned into a modified version of the 

Gateway-compatible vector pMTN41, then expressed in DC3000. RPS5+/− plants were 

infected with DC3000 carrying the different homologues to detect differential hypersensitive 

response. The dynamics of the R gene polymorphism over time were modelled with an 

infinite population size and a cost of resistance of 8%. For frequency-dependent selection, 

the fitness of a resistant individual was modelled as increasing with the frequency of 

susceptible individuals.
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Extended Data

Extended Data Figure 1. Recognition of AvrPphB/2 by RPS5 reduces bacterial growth
Growth of DC3000(avrPphB2) in planta in Ga-0 is reduced by the presence of RPS5. In 

contrast, growth of DC3000 containing the empty vector pME6010 is unaffected by the 

presence of RPS5. The star denotes P < 0.05 in a Wilcoxon rank-sum test. Growth is 

measured in colony-forming units per square centimetre. Eight biological replicates were 

performed per genotype. Results are presented as the mean ± one s.e.m.
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Extended Data Figure 2. Detection of RPS5 in global populations
PCR was used to test for the frequency of RPS5 in six populations of A. thaliana in the 

Midwestern USA. The RPS5 locus was polymorphic in all Midwestern populations. RPS5 

alleles were present at a frequency of 11–32%.

Extended Data Figure 3. Distribution of synonymous divergence in genes orthologous between P. 
syringae isolates Pan (kiwi pathovar) and PNA29.1a (A. thaliana pathovar)
The red arrow indicates the level of synonymous divergence between the homologues 

avrPphB and avrPphB2. The extreme synonymous divergence between avrPphB 

homologues suggests that one of the homologues has undergone horizontal gene transfer 

from a distantly related bacterium (empirical P = 0.003).
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Extended Data Figure 4. AvrPphB homologues from several crop pathovars are recognized by 
RPS5
AvrPphB homologues found in crop pathovars were tested for the ability to elicit RPS5-

mediated hypersensitive response. A maximum likelihood phylogeny of avrPphB 

homologues from crop pathovars and A. thaliana isolate PNA29.1a is presented here. The 

majority of homologues induced hypersensitive response. Homologues from 302460, 

301436, PTBR2004 and ES4326 each encode homologues with truncated alleles. B5 

encodes a full transcript. Recognition was determined by a Fisher's exact test comparison of 

hypersensitive response frequency upon infection of RPS5+ with a homologue versus an 

empty vector (see Supplementary Information). The result for 302091 was marginally 

significant (P = 0.02, but after adjusting for multiple testing P = 0.14).
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Extended Data Figure 5. AvrPphB2 enhances the proliferation of DC3000 in planta in the Ga-0 
background
Growth of DC3000 is augmented in RPS5 plants by the presence of AvrPphB2. The star 

denotes P < 0.05 in a Wilcoxon rank-sum test. Results are presented as the mean ± one 

s.e.m. (calculated with seven biological replicates per genotype).
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Extended Data Figure 6. The increase in virulence conferred by AvrPphB2 is genotype 
dependent
AvrPphB2 increases the virulence of one of three P. syringae isolates from A. thaliana 

populations on RPS5− Ga-0 plants. The star denotes P < 0.0167 (multiple-test corrected P 

value corresponding to α = 0.05) in a Wilcoxon rank-sum test. Results are presented as the 

mean ± one s.e.m. The P values corresponding to KN843.1a, LP217a and ME880.1a are 

0.401, 0.838 and 0.014 respectively (calculated with 32 biological replicates for both 

constructs in the KN843.1a background, 30 empty vector and 32 avrPphB2-containing 

replicates in the LP217a background and 30 empty vector, 29 avrPphB2-containing 

replicates in the ME880.1a background).
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Extended Data Figure 7. Conditions for a stable polymorphism that is robust to changes in the 
initial frequency of the resistance allele
To determine the stability of the R gene polymorphism independent of the initial frequency 

of the R gene, we determined the parameters for the cost of infection and the probability of 

infection for which the R allele increases when at low frequencies but decreases at high 

frequencies (described in Supplementary Information). The model included frequency 

dependence, similar to the model used to generate Fig. 4b. The black shading signifies the 

conditions for which the polymorphism is robustly maintained irrespective of the starting 

frequency of the R allele.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of RPS5 and AvrPphB2 as a naturally interacting R-gene–effector pair in 
A. thaliana and P. syringae populations
a, Hypersensitive response in response to infection by DC3000(avrPphB2) was scored in 75 

worldwide A. thaliana accessions that were previously genotyped at ~250,000 single 

nucleotide polymorphisms16. EMMAX30 was used to perform genome-wide association 

mapping of differential hypersensitive response. The Manhattan plot illustrates the P values 

associated with each of the single nucleotide polymorphisms, and the dotted line signifies 

the Bonferroni correction threshold for significance (P = 2.33 × 10−27). The top three single 

nucleotide polymorphisms, each with P values 1.27 × 10−12, lie within 3.5 kb of RPS5 on 

chromosome (Chr) 1. b, AvrPphB2 cleaves PBS1. Immunoblot of PBS1 tagged with 

haemagglutinin (PBS1-HA) expressed alone or co-expressed with AvrPphB, AvrPphB C98S 

(non-active mutant) or AvrPphB2-myc in Nicotiana benthamiana. AvrPphB and AvrPphB2 

both cleave the full-length (FL) PBS1 whereas AvrPphB C98S does not. The upper panel 

shows the immunoblotting results for the HA-tagged PBS1 and the bottom panel shows the 

results for immunoblotting for AvrPphB variants.
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Figure 2. The distribution of RPS5 and avrPphB homologues in co-occurring A. thaliana and P. 
syringae populations
PCR was used to test for the frequency of RPS5 in A. thaliana populations across Europe (a) 

and the Midwestern USA (Extended Data Fig. 3). The RPS5 locus was polymorphic in more 

than 90% (36 out of 39) of these populations (one population in eastern Asia is not 

illustrated). Dot-blot assays tested for the presence of AvrPphB homologues in isolates of P. 

syringae from the Midwestern USA (b) and from France (c). avrPphB homologues are 

found at 3.27% frequency in the Midwestern USA (RPS5 frequency ~ 24%) and at 2.29% 

frequency in France (RPS5 frequency ~ 81%).
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Figure 3. The cost of RPS5-mediated resistance in the absence of AvrPphB homologues
Field trials of paired isogenic lines of A. thaliana that differed only in the presence or 

absence of RPS5 driven by its natural promoter. Lines C1 and C2 were generated by the 

insertion of RPS5 and its flanking regions into the susceptible Ga-0 background and 

subsequent excision of RPS5 using a Cre-lox system. Lines E1–E4 were generated by 

random point mutation in the native RPS5 gene to generate a null allele in the resistant Col-0 

background (described in Supplementary Information). In all pairings, RPS5+ plants 

exhibited reduced fitness relative to RPS5− plants, ranging in magnitude from 5.0 to 10.2%. 

The percentage indicates the percentage decrease in seed production in the RPS5+ line 

relative to the RPS5− line, and the stars denote P < 0.05 in a paired t-test (with 51 and 56 

plant pairings in the two susceptible backgrounds, and 59, 52, 66 and 62 plant pairings in the 

resistant backgrounds). Results are presented as the mean ± one s.e.m.

Karasov et al. Page 18

Nature. Author manuscript; available in PMC 2015 December 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. The maintenance of a balanced polymorphism in a diffuse interaction
To ascertain the conditions sufficient to maintain an R gene polymorphism stably in a 

diffuse interaction, we modelled the dynamics of an R gene polymorphism with a range of 

parameters for the cost of infection (y axis) and probability of infection with bacteria 

containing a recognized effector (x axis). With a starting frequency of 0.5 for the R gene and 

a cost of resistance of 0.08 (a value consistent with our observations in Fig. 3), we 

recursively simulated the frequency of the R gene to determine the number of generations 

that the R gene remained at a putatively detectable frequency (between 0.01 and 0.99). The 

simulation was run for 100,000 generations. The colour bar signifies the number of 

generations, up to 100,000, that the polymorphism is maintained. For a, the dynamics were 

modelled without frequency dependence. The R gene polymorphism is stably maintained for 

a narrow range of parameters. With the incorporation of negative frequency dependence into 

the model (described in Supplementary Information), as illustrated in b, the parameter space 

allowing a stable polymorphism expands.
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