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Abstract - A good understanding of the dynamics of host/pathogen interactions 
and of the factors that shape the spatial distribution of resistance genes is a pre
requisite of metapopulation dynamic management of resistance genes. We studied 
the diversity and spatial structure of natural populations of common bean (Phase
olus vulgaris) for resistance to Colletotrichum lindemuthianum, the causal agent of 
anthracnose. This study was carried out in Mexico and Argentina both at the phe
notypic level and at the molecular level for two families of resistance gene candidates 
(RGCs). Using a simulation model, we also investigated the effects of migration 
and selection on the spatial structure of resistance phenotypes in a metapopulation 
for two genetic determinisms of the interaction (gene-for-gene and matching allele). 
Our results showed a differentiation between the countries for all the markers and 
indicated that the RGC, polymorphic in both countries, do not behave as neutral 
markers. Comparison of the diversities for resistance to strains isolated from wild or 
cultivated plants suggested that, although there is local adaptation of C. lindemuthi
anum between the two countries, the co evolution process seems to occur at a very 
local scale with the maintenance of resistances to allopatric strains, a result consistent 
with simulations of the models. 
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Resume - Etude de la distribution spatiale des resistances a un agent 
pathog€me, par des approches theorique et experimentale aux niveaux 
phenotypique et moleculaire. Un prealable a une gestion dynamique en me
tapopulation des resistances aux agents pathogEmes est une meilleure connaissance 
des interactions hate/pathogene et des facteurs qui modifient la repartition spatiale 
des genes impJiques dans l'interaction. Nous avons etudie, au Mexique et en Ar
gentine, la diversitc et la structuration de populations naturelles de haricot commun 
(Phaseolus vUlgaris) pour la resistance a Colletotrichum lindemuthianum, responsable 
de l'anthracnose. Cette approche a He menee au niveau phenotypique, au niveau de 
marqueurs moleculaires neutres (RAPD) et au niveau de deux families de genes candi
dats pour la resistance (RGC). Nos resultats indiquent qu'il existe une differenciation 
pour tous les marqueurs entre les deux pays et que les RGC, polymorphes dans les 
deux pays, ne se comportent pas comme des marqueurs neutres. La comparaison des 
diversites pour les resistances a des souches sauvages ou isolees de cultivars suggere 
que, bien qu'il existe une adaptation de C. lindemuthianum a l'echelle des deux pays, 
la co evolution se ferait a une echelle tres locale et maintiendrait des resistances a 
des souches allopatriques. Par ailleurs, nous avons simule sur une metapopulation 
l'effet de la migration et de la selection sur la repartition spatiale des phenotypes 
de resistance pour deux determinismes genHiques de l'interaction (gene pour gene 
et « matching allele»). Pour les memes valeurs de parametres, le niveau de com
patibilite locale est moins eleve pour un determinisme de type gene pour gene que 
« matching allele », l'asymetrie du systeme gene pour gene favorisant l'hate lorsque 
de nombreux loci sont en jeu. Globalement, le niveau d'adaptation locale du parasite 
diminue lorsque la migration de l'hate augmente. Une maladaptation locale peut 
meme et re observee, en particuJier dans un systeme gene pour gene, si les pressions 
de selection reciproques sont fortes. Dans le detail, le test d'une population d'agents 
pathogenes sur l'ensemble des populations hates indique que certaines populations 
hates possedent des resistances a des populations pathogenes eloignees, et ce quel que 
soit le niveau d'adaptation locale. Ce result at est coherent avec ce qui est observe 
dans les donnees experiment ales. 

Champignon phytopathog€me / modele / populations naturelles / 
resistance / structure populations / Colletotrichum lindemuthianum / 
Phaseolus vulgaris 

1. INTRODUCTION 

Genetic resources of crop plants and of their wild relatives have been kept 
in gene banks since the sixties. One major problem with these banks has been 
that the species no longer evolve following the selective pressure of the environ
ment. The problem is particularly acute for the value of gene banks as a source 
of genes conferring resistances to pathogens or parasites. A common view of 
host-parasite coevolution is that parasites evolve in interaction with their host 
and exert a selection pressure on their hosts which results in the evolution of 
resistance in the host [2,321. If plants are kept in gene banks, populations of 
parasites could continue to evolve while plants would harbour resistance genes 
for avirulences that are no longer present in the pathogen populations. These 
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resistance genes would be inefficient if introduced in a crop. Some authors sug
gested that one solution to this problem would be the dynamic management 
of genetic resources of a plant species evolving in its natural environment [32]. 
The goal would be to maintain as much diversity as possible for all desirable 
traits, and in particular resistance genes, and allow the appearance of new genes 
or new gene combinations to resist new pathogenic strains. Such management 
has been performed on three isolated barley populations grown since 1974 near 
Cambridge, UK [33]. To maintain more diversity, dynamic management with 
metapopulations was later suggested, consisting of a number of populations 
of the crop species linked by gene flow and evolving under different pathogen 
pressures. However, the evolution of plant-pathogen interactions in metapop
ulations is still not well understood thus compromising the feasibility of such 
management. 

The evolution of plant host-pathogen interactions in a metapopulation has 
been investigated both theoretically [25,28,29,44,58] and empirically [e.g. 
3,10,34,35, 36,48] taking into account both the numerical and genetic dy
namics. The evolution of resistance to powdery mildew has also been as
sessed [39,46,47] in an experimental metapopulation of winter wheat estab
lished in 1984 [32]. However, the number of plant host-pathogen interactions 
for which there is empirical evidence about the structure of resistance and vir
ulence genes in natural or experimental (meta)populations is limited and little 
is known about the conditions (popUlation sizes, pathogen pressure, migration 
rates ... ) that maintain high levels of diversity for resistance and/or durable 
resistance in these populations. The interactions between hosts and pathogens 
are, furthermore, governed by a number of different genetic systems (such as 
gene-for-gene or matching allele) that might result in a different evolution at 
the metapopulation level. The management of resistance genes in a metapop
ulation, therefore, still raises a large number of questions about number of 
populations, optimal population sizes, selective pressures to apply (introduced 
pathogens or not) and migration rates needed. 

Diversity for resistance in natural populations has been reported in differ
ent host-pathogen interactions [7,19,41,48]. In most of the interactions stud
ied, resistance polymorphism was observed on different geographical scales, 
even on very local ones, and population differentiation has often been shown. 
For example, frequencies of resistance to eight races of Melampsora lini were 
very different in 10 populations of Linum marginale in Australia and resis
tance differentiation seemed to occur at the metapopulation level [34]. In some 
cases, differentiation for resistance was correlated with environmental condi
tions; like in populations of Avena barbata, A. fatua and A. ludoviciana where 
resistances to Puccinia coronata were more frequent in a region favourable 
to pathogen development [13( r Population structure for resistance was also 
correlated with pathogen population structure in the Amphicarpaea bracteata~ 
Synchitrium decipiens interaction where resistances were more frequent for al
lopatric strains [48]. There is therefore evidence that the resistance structure of 
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Table la. Pattern of compatible (= infection) and incompatible (= no infection) 
interactions in a gene-for-gene model with two loci. The host is diploid, the pathogen 
haploid. Resistance is dominant. I: incompatible, C: compatible. 

Pathogen genotypes Host genotype 

R1-R2- R1-r2r2 r1r1R2- r1r1r2r2 

Avr1Avr2 I C 

Avr1vir2 I C C 

virlAvr2 I C C 

vir1 vir2 C C C C 

a plant species may occur on different spatial scales; little is known, however, of 
its evolution over time. Burdon and Thompson [11] studied temporal changes 
in resistance to M. lini in one population of L. margin ale. They detected a 
marked change in the resistance structure of this population over a 6-year pe
riod; but the local pathotypes were not obviously responsible for the changes 
in resistance frequencies. 

Most studies at the population level are based on phenotypic data, and 
the genetics of most interactions is still subject to debate. There exist different 
models describing the genetics of the interaction between a host and a parasite. 
The two extreme cases are the gene-for-gene model, first described by Flor [23] 
and later by Burdon [6,9] and widely used in plant breeding, and the matching 
allele model [26], mainly used in theoretical modelling. The biological model 
behind the gene-for-gene (GFG) model is the interaction between an elicit or 
encoded by the avirulence gene of the parasite and a receptor encoded by 
the resistance gene of the host [17]. The interaction, governed by a large 
number of bi-allelic loci, is incompatible if the host expresses an R gene at 
any locus, which enables it to recognise the product of an Avr gene at the 
corresponding locus (Tab. la). The matching allele model (MAM) assumes one 
locus with a large number of alleles. The host is able to resist the parasite if 
both partners possess the matching alleles at that locus (Tab. Ib). Empirical 
evidence in favour of the gene-for-gene model has been reviewed in Thompson 
and Burdon [57]. A number of interactions, however, clearly do not follow the 
gene-for-gene model. More than two alleles for example can be observed at one 
locus as in the well-studied flax/ Melampsom lini interaction for which at least 
13 alleles have been described at the L locus [52]. Two loci can also interact 
to confer resistance on a single Avr product [14,18]. Frank [26] argues that 
data are not sufficient to distinguish between a gene-for-gene interaction and a 
matching allele interaction in natural systems. As an answer, a review of the 
evidence in favour of gene-for-gene systems was provided by Parker [49]. 

In an attempt to improve our knowledge on the evolution of resistance pat
terns in a metapopulation, we adopted a two-pronged approach. First, we 
investigated the possibility of a direct estimation of the genetic diversity for 
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Table lb. Pattern of compatible and incompatible interactions in a matching allele 
model with two alleles. The host is diploid, the pathogen haploid. 
I: incompatible, C: compatible. 

Pathogen genotypes 

Al 

A2 

AIAI 

c 

Host genotype 

AIA2 A2A2 

c 

resistance in natural populations of wild common bean (Phaseolus vulgaris) to 
Colletotrichum lindemuthianum, the causal agent of anthracnose. Population 
structures of wild common bean in Mexico and Argentina were thus compared 
for different markers: neutral markers, RGC markers and resistance pheno
types. Second, we investigated, in metapopulation models, possible differences 
in the outcome of gene-for-gene and matching allele interactions. In particular, 
we looked at whether increasing migration among populations or the selective 
pressures involved in the interaction would have the same effect on the pattern 
of host resistance in both models. 

2. MATERIALS AND METHODS 

2.1. Diversity of wild populations of common bean 

2.1.1. The experimental model 

The model studied is the interaction between the common bean, Phaseolus 
vulgaris, and the anthracnose agent, Colletotrichum lindemuthianum. C. lin
demuthianum is a haploid fungus with no known sexual stage. It is dispersed 
over short distances « 1 m) by splashing and possibly over longer distances 
in seeds. Wild common bean populations are found in the centres of diver
sity of the species, in Latin America, from Northern Mexico to North-Western 
Argentina [5]. The wild populations studied were geographically isolated from 
cultivated populations by large distances. The interaction between common 
bean and C. lindemuthianum is thought to follow a gene-for-gene relationship 
and several major resistance genes have been characterized in cultivars [38,51]. 

2.1.2. Sampling 

The wild common bean is a predominantly selfing, annual, climbing plant. In 
natural populations, plants are grouped in patches of sizes ranging between 10 
and 25 plants. Seeds were collected along 500 km transects in Argentina in May 
1992, and in Mexico in October 1994 and January 1995 when pods were mature 
and anthracnose was present. Argentina and Mexico are situated respectively 
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in the Andean and in the Mesoamerican centre of diversity of the common 
bean. For this study, the progeny of 50 plants from 15 sites in Argentina and 
of 27 plants from 11 sites from Mexico were analysed. Seeds were multiplied in 
the CIAT (Centro Internacional de Agricultura Tropical, Cali, Columbia). 

2.1.3. Molecular analyses 

2.1.3.1. DNA extraction 

The extraction was carried out as already described [16]. 

2.1.3.2. RAPD PCR procedure 

Amplification procedures were performed as described by Cat tan-Toupance 
et al. [16]. Two primers (Operon Technology) were used for amplification: 
primer E12 (TTATCGCCCC) and primer FI0 (GGAAGCTTGG). Most RAPD 
markers have been shown to have a Mendelian inheritance in common bean [1]. 
We thus considered amplified fragments as single locus for resampling proce
dures. 

2.1.3.3. RFLP markers 

Total DNA was digested with the two restriction enzymes HindIII and 
HaeIII. Southern blot and hybridisation experiments were carried out as al
ready described [30]. Two probes corresponding to two Resistance Gene Can
didates (RGCs) were used. These two clones were obtained by a candidate gene 
approach with two degenerate primers designed from two domains which are 
conserved among the NBS-containing resistance genes [31]. These two clones 
(PRLJl and B2) were characterised by Ferrier-Cana [22] and Geffroy et al. [31], 
and grouped in two classes according to their hybridisation pattern. One of 
them (PRLJl) displayed the complex pattern characteristic of a multigene fam
ily and was localised on the linkage group B4 on the common bean integrated 
linkage map [27]. 

2.1.3.4. Phenotypic studies 

Plants were tested for their resistance or susceptibility to three sets of strains 
of C. lindemuthianum. The first set consisted of six strains isolated from cul
tivated beans of different origins and characterised for their avirulence spectra 
against cultivars possessing known resistance genes. The second set consisted 
of 10 strains isolated from wild common bean collected in Mexico and 10 strains 
isolated from wild common bean collected in Argentina. Strains from wild and 
cultivated plants present different patterns for RAPD markers [54]. Plants were 
also tested against seven strains for which resistance specificities were mapped 
on the linkage group B4 [31]. 
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Five seeds of each plant were sown in vermiculite for a week and then spray
inoculated with a 5 x 106 spores·ml- 1 suspension. Spore suspensions were 
prepared by flooding 10-day-old fungus cultures with distilled water. Conidia 
were dislodged by scraping the culture surface with a spatula. Concentration 
was adjusted to 5 x 106 spores·ml- 1 by counting with a hematocytometer. The 
inoculated plants were incubated in a growth chamber at 19 QC with saturated 
humidity. Disease symptoms were scored 7 days after inoculation and reactions 
classified as resistance (R) or susceptibility (S). 

2.1.4. Data analysis 

Within-country diversity was determined for molecular markers and resis
tance phenotypes by Nei's unbiased diversity index [45]. Genetic differen
tiation between countries and random association among pairs of different 
markers within countries were tested using Fisher's exact test provided by the 
GENEPOP software [53]. 

2.2. The metapopulation models 

The model is adapted from the METAPOP program initially intended to 
describe a metapopulation of one species. It is an individual-based model, 
where the genotype of each individual is encoded. 

The two simulated species are a parasite and its host plant. The parasite 
is asexual and haploid while the host is diploid and reproduces sexually (all 
individuals being hermaphrodites). Both species are assumed to have discrete 
non-overlapping generations with no age structure and generation times are 
the same. The host and the parasite can potentially exist on 100 discrete sites. 

2.2.1. Within-population processes 

Within-population dynamics follow a Lotka-Volterra model, adapted from 
Frank [24] to a host-parasite system. Because of sexual reproduction, indepen
dent strains of hosts and parasites could not be described as in Franck [24] or 
Gandon et al. [28]. The variation between generations of the numbers of hosts 
t::.Ht and of parasites t::.Pt are given by 

t::.Ht = Ht [rh (1 -Z:) -d Ct Pt] 

t::.Pt = Pt (r p Ct Ht - s) . 

Ht and Pt are the population sizes of hosts and parasites at generation t, rh 
and rp are their intrinsic growth rates and Kh is the carrying capacity of a site 
for the host. The proportion of compatible interactions in the population at 
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generation t, i.e. the measured probability that a parasite can infect a host in 
that population, is Ct. The pathogenicity of the parasite on the host, i.e. the 
decrease in population growth due to a single parasite virulent on all hosts, 
is d. As a consequence, the decrease in host population growth due to the 
local parasite population depends on d, on the number of parasites and on 
the probability that a parasite is virulent on a host in that population. The 
independent mortality rate of the parasite is s. Whereas Ht, Pt and Ct were 
allowed to change during the simulations, the other parameters were fixed at 
Kh = 200, d = 0.01, s = 0.6, rh = 0.5 and 11' = 0.07. Gandon et al. [28] found 
that in such a system, the populations are locally stable when Kh rp - s < 1 
which is not the case here. These values, however, allowed stable coexistence 
of the host and the parasite at the metapopulation level for all simulations 
presented here. 

The equations above provide the number of offspring that will build the 
following generation both for the host and the parasite. To determine the 
relative contribution of each genotype to these offspring, it was necessary to 
describe the selection pressure to which each individual host and parasite was 
submitted at any generation t. The relative survival of a given individual 
parasite offspring i to the following generation was given by (1 - wp)ci + wp 
where ci is the proportion of hosts that the individual i can infect in the 
population, and wp is a fixed parameter describing the relative survival of 
individual i if it cannot infect any host (wp < 1). Results will be presented for 
two values of wp: wp = 0.9, and wp = 0.5 respectively meaning little and much 
selection against avirulent genotypes. Symmetrically, the relative survival of 
a given individual host offspring i to the following generation was given by 
(1- wh)(l- Ci) + wh where Ci is the proportion of parasites that are virulent 
on individual i, and wh is a fixed parameter describing the relative survival of 
individual i if it is infected by a parasite (wh < 1). Results will be presented 
for two values of wh: wh = 0.9, and wh = 0.5 respectively meaning little and 
much selection for resistant genotypes. 

2.2.2. MetapopuJation processes 

The metapopulation contains 100 sites distributed along a 10 x 10 grid. 
Each site can potentially host a parasite and a host population. Migration 
occurs through seeds and pollen for the host. Migration of the parasite oc
curs by asexual migrants. The migration rate is defined as the proportion of 
seeds/pollen/individuals of a population that originates from adjacent popula
tions. For simplicity the same migration rate mh was assumed for both seeds 
and pollen. For the parasite, the migration rate is mp. Migration only occurs 
between adjacent sites. 
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2.2.3. Genetics of the interaction 

Two different genetic systems were simulated for the control of the interac
tion between the parasite and its host. A gene-for-gene system was simulated 
for ten bi-allelic loci. In the parasite, at locus i the two alleles are virulent 
(viri) and avirulent (Avri) while in the host the two alleles at each correspond
ing locus are susceptible (Si) and resistant (Ri) with Ri dominant over Si. In 
such a system, the relationship between the host and the parasite is compatible 
(i. e. the parasite can damage the host) if, at none of the 10 loci, the host has 
one Ri allele while the parasite is Avri' A matching allele system [24,26] was 
simulated for one locus with 10 alleles. The interaction between the host and 
the parasite is incompatible if their alleles match. 

The mutation rate from one allele to another was set at 0.0001. 

2.2.4. Conditions of a simulation 

All simulations begin with small populations of ten hosts and ten parasites. 
In the gene-for-gene model, all hosts are susceptible and all parasites are avir
ulent at all loci. This quickly selects for resistance genes in the host. For the 
matching allele model, the initial frequencies of all alleles are equal on average, 
making mutation ineffective at creating new variability. 

Alleles are attributed at random to individuals to constitute the initial pop
ulations. The populations are then allowed to evolve for 200 generations and 
statistics are collected from the 200th to the 500th generation. This makes the 
collected statistics largely independent of the initial conditions. 

One main problem with the gene-for-gene model is that after a large number 
of generations, all parasites carry the vir alleles but there is polymorphism for 
the R-alleles in the host. The host is then fully susceptible to the parasite, 
which leads to host population crashes. This unrealistic situation is due to the 
reduced number of loci used. Obviously if more loci were introduced in the 
model, this phenomenon would be delayed. To overcome this problem there 
were two possibilities. The first was to introduce a fitness cost associated with 
virulence alleles, but evidence for this type of cost is scarce and it would be 
difficult to parameterise, while its effect on the outcome of the interaction is 
obvious. We decided that a locus would be reset to its initial state both in the 
host and the parasite once all the metapopulation became fixed for the vir allele 
at that locus. This is similar to assuming that a new resistance gene appears 
in the host producing a receptor that is able to recognise a new molecule in the 
parasite. Five simulations were performed for each set of parameters. 

2.2.5. Measured statistics 

At each generation each individual parasite is tested for compatibility against 
all the individual hosts at the same site. The proportion of local compatible 
interactions is averaged over individual parasites for each site and afterwards 
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averaged over all sites. The resulting proportion is the local compatibility at 
the studied generation loct. To produce a synthetic parameter lac, the local 
compatibility during a simulation is averaged from generation 200 to 500. 

To measure the local adaptation of the parasites to their hosts, all individual 
parasites are also tested for compatibility against all hosts of the other sites at 
each generation. As above, by averaging over parasites and sites, this provides 
an "exotic" compatibility for each generation exott. Local adaptation at gen
eration t is measured as adapt = (loct - exott)/loct. The synthetic parameter 
adapt is obtained by averaging adapt from generation 200 to 500. 

At the 500th generation, the compatibility of each parasite population on 
all host populations is determined. 

3. RESULTS 

3.1. Diversity of wild bean populations 

3.1.1. Molecular polymorphism 

Twelve polymorphic RAPD products were obtained with the two primers 
used, among the plants tested in Mexico and Argentina. Polymorphism was 
greater in Mexico with ten polymorphic markers and only two polymorphic in 
Argentina. 

RFLP experiments were carried out with four enzyme-probe combinations 
(ef. 2.1.3.3.). Hybridisation with PRLJl always resulted in multi-band pat
terns, while probe B2 gave more simple hybridisation patterns. Hybridisation 
of probe PRLJl to DNA digested with HaeIII revealed six to twelve DNA frag
ments in each plant. A total of 13 different DNA fragments, ranging between 
6 and 1.6 kb, were obtained for this enzyme-probe combination. Ten of these 
fragments were polymorphic and used for further analysis. The enzyme-probe 
combination HindIII-PRLJl gave the same type of hybridisation results. 

Hybridisation of probe B2 to DNA digested with either HaeIII or HindIII 
gave one to three DNA fragments in each plant. Further analysis was car
ried out on five polymorphic DNA fragments hybridised with the HaeIII-B2 
combination. 

3.1.2. Phenotypic polymorphism 

Plants from Argentina and Mexico were first tested against six strains iso
lated from cultivated common bean. Resistance phenotypes observed in the 
two countries ranged from susceptibility to the six strains to resistance to the 
six strains. However, most of the interactions tested were incompatible, which 
means that wild plants were generally resistant to these strains isolated from 
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Table 11. Diversity of wild common bean in Mexico and Argentina for molecular 
and phenotypic markers, estimated with the Nei unbiased diversity index. 

RAPD RFLP RFLP Resistance Resistance 

Region Sampling PRLJ1 probe B2 probe Set of strains Set of wild 

size HaeIIIenzyme HaeIIlenzyme from strains 

cultivars 

Argentina 50 0.31 0.19 0.20 0.30 0.36 

Mexico 27 0.34 0.37 0.17 0.37 0.45 

common bean cultivars. If we assume that resistance to each strain is an inde
pendent factor, all the resistance factors detected were polymorphic in the two 
countries. 

Plants were also tested against 10 strains isolated from wild plants of each 
country. Most of the interactions between plants and strains from the same 
country were compatible, while incompatible interactions were the most fre
quent when plants were inoculated with strains isolated in the other country. 
However, resistance to each strain tested, was observed in each country, and 
all the resistance factors were polymorphic in the two countries. 

3.1.3. Population diversity 

Nei's unbiased diversity index was used to estimate the diversity in each 
country for molecular and resistance phenotypic markers. Diversity for RAPD 
and resistance markers was almost similar in Argentina and Mexico (Tab. H). 
Less diversity was observed in the two countries for polymorphic bands revealed 
with RFLP using HaeIH-B2 probe, while probe PRLJ1 revealed a greater di
versity in Mexico. 

3.1.4. Population structure 

Differentiation between Mexico and Argentina was estimated by the Wright 
parameter F st . The results showed a differentiation between the two countries 
for all the markers studied (Tab. HI). Differentiation was higher for RAPD 
markers than for molecular and phenotypic markers involved in pathogen resis
tance. Differentiation for resistance to wild strains was higher than resistance 
to strains from cultivars. No difference is observed in the differentiation in
dex given by the two RFLP probes. The Fst parameter for the PRLJ1 probe, 
however, is similar to that observed for resistance to the strains isolated from 
cultivars. 
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Table Ill. Differentiation parameters between Mexico and Argentina for molecular 
and phenotypic markers, estimated by F,t. 95% confidence intervals are given in 
brackets. 

RAPD RFLP RFLP Resistance to Resistance to 

PRLJ1 probe B2 probe strains from wild strains 

HaelIIenzyme HaeIIlenzyme cultivars 

0.85 0.35 0.44 0.30 0.57 

[0.69; 0.94] [0.195; 0.48] [0.32; 0.65] [0.173; 0.43] [0.47; 0.66] 

3.1.5. Correlation between markers 

Statistical associations were tested between RAPD, RFLP and resistance 
markers. Only 1% of the associations tested were significant at the 5% level. 
Most of the combinations therefore were in random association. 

In particular, no significant correlation was found between RFLP patterns 
obtained with the PRLJI probe and resistance phenotypes to seven fungus 
strains whose resistance specificities have been mapped to the same linkage 
group of that PRLJI clone. 

3.2. Metapopulation modelling 

3.2.1. Local compatibility 

All results are presented as means and standard errors over five simulations. 
For the same parameter sets, the level of local compatibility was much higher in 
the matching allele model than in the gene-for-gene model (Fig. 1). The most 
consistent result between models is that increased host migration decreased 
the local level of compatibility. Increased parasite migration raised the level of 
local compatibility except when selection was weak in the gene-for-gene model. 
For the matching allele model, this effect was more pronounced when host 
migration was high (mh = 0.10). The effect of the intensity of selection on 
both partners also differed between the two models: more intense selection 
(wp = wh = 0.5 versus wp = wh = 0.9) resulted in less local compatibility in 
the gene-for-gene model while it resulted in similar local compatibility in the 
matching allele model. 

3.2.2. Local adaptation of the parasite 

Positive values of local adaptation mean that the parasite has a higher prob
ability of being able to infect hosts at its local site than at other sites, while 
negative values mean that the parasite is better at attacking hosts of other 
sites. The parasite is then considered maladapted. Both situations were ob
served during the simulations but the level of local adaptation was globally 
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Figure 1. Local compatibility (a) and local adaptation (b) in a gene-for-gene and 
a matching allele model as a function of host migration, parasite migration and the 
intensity of selection. Bars in white indicate strong selection (wh = wp = 0.5) and 
bars in grey weak selection (wh = wp = 0.9). Dotted areas indicate a parasite 
migration rate of 0.02 and plain or hatched areas a parasite migration rate of O.l. 
Note that the scales are different for the two models in figure a. 

higher in the matching allele model than in the gene-for-gene model. High lev
els of maladaptation were only observed in the gene-for-gene model. There are 
two results consistent between the two models. For a given set of parameters, 
increased host migration decreased the level of local adaptation or increased 
maladaptation while increased parasite migration had the inverse effects. These 
effects, however, were of a large magnitude only if the selective pressure was 
strong (wp = wh = 0.5). 

4. DISCUSSION 

As pointed out by Thompson [56] with the geographic mosaic theory of co
evolution, the co evolutionary process in plant-pathogen associations cannot be 
understood without taking into account the different spatial scales on which it 
occurs. The importance of considering the spatial context to understand the 
evolution of host-parasite interactions is now generally recognized [59]. We con
sider the dynamic management of plant resistance genes on a metapopulation 
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scale. Theoretical models have shown that the evolution of resistance gene fre
quencies in a metapopulation depends on the life-histories of both partners [28] 
and on the dynamics of the interaction (epidemic versus endemic) [25,44]. 
Empirical data about the genetic structure of natural populations is limited 
and would be necessary to validate the models. Even less is known, to our 
knowledge, about the influence of the genetic determinism of the interaction 
on the spatial structure of resistance, although it appears essential to know how 
the choice of the genetic model used will influence management recommenda
tions. Here we investigated the effects of two genetic systems and of life history 
traits by varying the selection coefficients and migration rates of both partners. 
Strong versus weak selection in the pathogen differentiates obligate versus fac
ultative pathogens while strong versus weak selection in the host differentiates 
killer versus debilitator pathogens [8]. 

4.1. Local compatibility 

The two genetic systems of the interaction that we modelled are those com
monly described as the two extremes, with most natural systems probably 
being a combination of both. When all diploid host genotypes (with dominant 
resistance) are confronted with all haploid parasite genotypes, the symmetry 
of the relationship differs between models. In the matching allele model, the 
proportion of incompatible interactions is 2/(n + 1) where n is the number of 
alleles considered. In a gene-for-gene model, this proportion becomes 1- (2/3)n 
where n is the number of bi-allelic loci. With ten alleles in the MAM and ten 
loci in the GFG model, the proportions of incompatible relationships were re
spectively 0.18 and 0.98. This large difference in symmetry between models 
likely explains the lower local compatibility levels observed in the GFG model. 
A higher number of alleles has, indeed, been shown to decrease the global level 
of compatibility by increasing the asymmetry between the two partners in a 
matching allele model [28]. Geffroy et al. [31] observed a level of compatibil
ity of 0.5 to 0.8 when strains of C. lindemuthianum from Mexico, Argentina 
and Ecuador were tested on plants from the same country. We feel that the 
level of local compatibility cannot, however, be used as a criterion to determine 
which genetic model drives these interactions in natural populations. In fact, 
local compatibility would also depend on numbers of loci/alleles and pathogen 
population sizes. It suposedly also depends on the generation time of the 
pathogen [36], although halving the generation time of a parasite compared 
to its hosts did not modify the pattern of local compatibility in a simulation 
model with a matching allele model with two alleles. In our model, the level 
of local compatibility also depended, to a lesser extent, on other life-history 
parameters. In the MAM, the local level of compatibility tended to decrease 
when host migration increased and increase when the parasite migration rate 
increased. A possible explanation is that migration is a source of new resistance 
or virulence alleles [28,29]. The effect of migration of both partners was less 
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obvious in a GFG model. More parasite migration tended to increase the level 
of compatibility, but only when selection was strong. 

4.2. Local adaptation: population structure at the phenotypic level 

Non-zero levels of local adaptation indicate a metapopulation structure with 
population differentiation for resistance and virulence, a result predicted by 
Burdon and Thrall [12] if migration rates are low enough. The dynamics in the 
different populations are out of phase, with different genotypic combinations 
being selected in different pcipulations. As can be seen in Figure 2, testing 
single pathogen populations on many host populations does not give a clear 
view of the effect of geographic distance on that structure. In particular, high 
levels of compatibility can be observed between populations close or far apart. 
In the well-studied interaction between Linum marginale and Melampsora lini 
in Southern Australia, Burdon and Thrall [12] for example report differences 
in the resistance structure of host populations situated a few hundred metres 
apart and differences in pathotype structures of pathogen populations situated 
300 m apart. 

In the model, the degree of local adaptation or maladaptation was larger 
when selection pressures on both partners were larger, independently of the 
genetics of the interaction. This is because stronger local selection tends to in
crease the divergence between population dynamics. On the contrary, more mi
gration decreased the differentiation among populations. Generally, the model 
predicted local adaptation in most cases. As expected for an MAM, local 
adaptation was more positive when migration rates were low and the para
site migrated more than its host, while maladaptation was only possible when 
the host migrated more than the parasite [28]. The pattern appears similar al
though more marked in a GFG model. In particular, when selection was strong, 
much larger levels of maladaptation were observed. This could again be be
cause the asymmetry in a GFG model favours the host, so that when migration 
introduces new resistance genes they are at a large selective advantage. In fact, 
many studies have shown a local adaptation of the parasite to its host [36] with 
interactions as different as between host plants and fungi [48], microsporidi
ans and Daphnia [21] or snails and trematodes [42,43] where parasites migrate 
more than their hosts. A similar result was observed both at the scales of the 
centres of diversity [31] and at a more local scale for the interaction between 
P. vulgaris and C. lindemuthianum [15]. A case of maladaptation with hosts 
that migrate more than the pathogens [20] is reported by Kaltz et al. [37]. The 
generality of the effect of migration rates on local adaptation therefore seems 
robust although only if large reciprocal selective pressures are involved in the 
interaction. 
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GFG model 

• 

. -
MAMmodel 

wh=wp=O.5 ; mp=mh=O.02 wh=wp=O.9 ; mp=mh=O.02 

Figure 2. Examples of the mean compatibility of the pathogen population marked 
with a cross on all host populations of the metapopulation. For the GFG, white indi
cates no compatibility and black 50% compatibility. For the MAM, the scale is moved 
upward, white indicates less than 50% compatibility and black 100% compatibility. 
wh = wp = 0.5 indicates strong selection and wh = wp = 0.9 weak selection. mp and 
mh are the migration rates of the parasite and the host, respectively. 

4.3. Population structure at the genetic level 

As expected because of the low genetic exchange between wild populations of 
P. vulgaris from Mexico and Argentina, the differentiation observed for neutral 
markers is very strong [4]. This is consistent with results on a larger sample 
of 216 plants (128 plants from Mexico and 88 plants from Argentina, data 
not shown). The differentiation of the two diversity centres is also strong but 
significantly weaker for the other markers (RGC and resistance phenotypes), 
suggesting that other evolutive forces and not drift alone act upon these parts 
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of the genome. The second largest differentiation index is for the resistance 
pattern against wild strains of the pathogen. A general local adaptation of the 
pathogen to its host populations has been demonstrated by Geffroy et al. [31] at 
the scale of the two studied countries and, therefore, a significant differentiation 
was expected. Why this differentiation is less than for RAPD markers is more 
difficult to explain. The metapopulation theory indicates that, for a given level 
of migration, similar selection in different populations reduces the differentia
tion among populations at the selected loci. However, in this study, among the 
wild strains, most were allopatric to the plants tested, even within the country, 
and it is unlikely that they exerted a direct selection on the host plants. Simi
larly, it is extremely unlikely that direct selection explains the lowest Fst found 
for resistances to strains isolated from cultivars that evolved in totally different 
environments. A lower Fst value for resistances to strains from wild plants than 
from cultivated plants was also obtained with the largest sample of 216 plants. 
A possible explanation could be found in the organisation of resistance genes. 
It has been observed in different species that genes for resistance to pathogens 
are clustered in complex loci on the host genome [40,50,52,55]. The probe 
RPLJl and the resistance to anthracnose strains were mapped at such a clus
ter in a cross between two cultivars [31]. Our results could be explained by 
the fact that selection by local strains maintains a diversity for resistance at 
these clusters through selection for genes that also confer resistance on other 
strains or other pathogens, or through hitchhiking effects on the rest of the 
cluster. Similar selection in both countries would be applied to the diversity 
thus maintained, which could explain the lower F st values than for RAPD and 
would constitute a "reservoir" of resistance genes. Only a study at a more local 
geographic scale would allow us to test this hypothesis. 

The patterns of differentiation presented by the resistance gene candidates 
(RGCs) families are closer to those of the resistances than the RAPD markers, 
suggesting that they are not selectively neutral, but are linked to or involved 
in resistance. Since no statistical relationship was observed between the resis
tance phenotypes and RFLP patterns, our results suggest that the polymor
phism observed for RFLP markers is indicative of the diversity of the putative 
"reservoirs" of resistance genes rather than a direct reflection of a local coevo
lution. Whether this polymorphism is also indicative of the differentiation for 
resistances to other pathogens remains to be tested. 

More generally, a similar picture emerges from the model and the data. 
The models tend to show that within a metapopulation, when migration is 
low, the probability of finding a plant resistant to a given strain is similar in 
every host population except in the exact population of origin of the strain. 
The data provide essentially the same picture with mainly similar patterns of 
resistance to strains isolated from wild or cultivated plants. This suggests that 
the coevolution between host and pathogen would be very local. More data 
at a local scale are needed to understand whether this coevolution directly 
influences the patterns of resistance to other strains of the same pathogen, or 
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even to other pathogens. This would be crucial to know, before more modelling 
is done on the effect of different managements of genetic resources. 
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