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Abstract.—The potential for local adaptation between pathogens and their hosts has generated strong theoretical and
empirical interest with evidence both for and against local adaptation reported for a range of systems. We use the
Linum marginale-Melampsora lini plant-pathogen system and a hierarchical spatial structure to investigate patterns
of local adaptation within a metapopulation characterised by epidemic dynamics and frequent extinction of pathogen
populations. Based on large sample sizes and comprehensive cross-inoculation trials, our analyses demonstrate strong
local adaptation by Melampsora to its host populations, with this effect being greatest at regional scales, as predicted
from the broader spatial scales at which M. lini disperses relative to L. marginale. However, there was no consistent
trend for more distant pathogen populations to perform more poorly. Our results further show how the coevolutionary
interaction between hosts and pathogens can be influenced by local structure such that resistant hosts select for generally
virulent pathogens, while susceptible hosts select for more avirulent pathogens. Empirically, local adaptation has
generally been tested in two contrasting ways: (1) pathogen performance on sympatric versus allopatric hosts; and
(2) sympatric versus allopatric pathogens on a given host population. In situations where no host population is more
resistant or susceptible than others when averaged across pathogen populations (and likewise, no pathogen population
is more virulent or avirulent than others), results from these tests should generally be congruent. We argue that this
is unlikely to be the case in the metapopulation situations that predominate in natural host-pathogen interactions, thus

requiring tests that control simultaneously for variation in plant and pathogen populations.
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Patterns of local adaptation in host-pathogen systems not
only give insight into the spatial scales at which coevolu-
tionary dynamics occur (Gandon et al. 1996; Gandon and
Van Zandt 1998), but also provide crucial tests of many spe-
cific theoretical predictions. Indeed, models exploring the
potential for pathogens to maintain host sexual reproduction
(Hamilton 1980; Hamilton et al. 1990) assume that hosts and
pathogens coevolve tightly through frequency-dependent cy-
cling, leading to an expectation of strong patterns of local
adaptation (Ladle 1992; Ebert and Hamilton 1996; Lively
1999). Although a majority of empirical studies appear to
support local adaptation by pathogens to their hosts, patterns
consistent with local maladaptation may sometimes be found
due to populations cycling out of phase (Morand et al. 1996;
Kaltz and Shykoff 1998). In other cases, no evidence has
been found for adaptation at the scale of local populations
(Davelos et al. 1996; Ebert et al. 1998; Imhoof and Schmid-
Hempel 1998), potentially reflecting the consequences of co-
evolutionary processes occurring at either larger geographic
(Thompson 1994, 1999) or smaller spatial scales (Karban
1989; Lively and Jokela 1996; Ebert et al. 1998).

The extent and intensity of host-pathogen interactions, and
hence the extent of local adaptation, is mediated by a number
of factors, including the spatial scale over which comparisons
are made, the genetic basis of resistance and pathogenicity,
the stochasticity of the physical environment, and specific
features of both host and pathogen life histories. For example,
results from computer simulations suggest that local adap-
tation depends on the relative migration rates of host and
pathogen, with pathogens showing greater probability of be-
ing locally adapted when they migrate more than their hosts
(Gandon et al. 1996). Similarly, local adaptation of pathogens

might be expected to be strongest in associations where ef-
ficient pathogen survival mechanisms ensure intimate contact
between host and pathogen over multiple pathogen genera-
tions and/or growing seasons and where disease tends to be
endemic. The likelihood of observing local adaptation may
be reduced when off-season survival islimited and individual
pathogen populations are more ephemeral—in such situa-
tions, evidence of coevolution may be found at larger geo-
graphic scales (Thrall and Burdon 1997; Burdon and Thrall
2000).

In natural systems, host and pathogen populations may
vary in the identity and diversity of genotypes present, con-
ferring different levels of resistance or virulence, respectively
(Bevan et al. 1993a,b; Thrall and Burdon 2001). Such patterns
of among-population variation not only influence the eco-
logical and coevolutionary dynamics of host-pathogen inter-
actions, but may also complicateinterpretation of resultsfrom
studies of local adaptation. Local adaptation has generally
been tested either by comparing the performance of patho-
gens on sympatric hosts to that on allopatric hosts or by
comparing the performance of sympatric and allopatric path-
ogens on a given host population (e.g., Gandon and Van
Zandt 1998; Kaltz and Shykoff 1998). Variation in host re-
sistance can obscure tests using the former method, whereas
variation in pathogen virulence can obscure the latter.

Few, if any studies have used both approaches simulta-
neously or examined local adaptation in plant-pathogen sys-
tems at the appropriate metapopulation scale at which most
short-term coevolutionary change occurs. Here we use the
interaction between Linum marginale and Melampsora lini to
investigate patterns of local adaptation at several spatial
scales within a well-defined metapopulation situation (Bur-
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don et al. 1999; Burdon and Thrall 2000; Thrall et al. 2001).
The Linum-Melampsora system is dominated by a gene-for-
gene resistancel/virulence structure, with pathogen popula-
tions undergoing frequent local extinction and recolonization.
Prior studies of this system indicate that host and pathogen
populations can vary substantially in average levels of re-
sistance and virulence (Burdon and Jarosz 1992; Thrall et al.
2001). Throughout this paper, ‘‘virulence’’ is used in the
standard plant pathology sense, meaning the ability of the
pathogen to cause a susceptible response on a particular host
line, and refers to the interaction between specific virulence
and resistance genes. Thisis quite a different usage from the
animal host-parasite literature, where virulence refers to the
severity of effects on an infected host.

To evaluate coevolutionary patterns, we use cross-inocu-
lations involving two host and pathogen populations from
each of three metapopulation subregions. One expectation is
that if pathogen populations are coevolving with their local
hosts, there should be a significant relationship between av-
erage host resistance and pathogen virulence. We test for
local adaptation of pathogens by comparing both the perfor-
mance of individual pathogens on sympatric versus allopatric
hosts and the performance of sympatric pathogens on their
hosts to allopatric pathogens on the same hosts. We also
develop a combined approach that simultaneously controls
for variation in average host resistance and pathogen viru-
lence. Previous studies have shown a nonrandom distribution
of resistance among host populations, with nearby popula-
tions being more likely to share resistance phenotypes. In
contrast, although there were major differences among path-
ogen populations with respect to which pathotypes were pres-
ent, pathogen virulence was not related to distances between
populations—a result most likely to reflect the greater dis-
persal of the pathogen (Thrall et al. 2001). This leads to the
prediction that pathogens will generally be adapted to their
hosts and that such adaptation will be increasingly apparent
as the spatial scale of comparison increases. We explicitly
evaluate this possibility using among-region, within-region,
and between-population comparisons.

MATERIALS AND METHODS

The Host

Linum marginale A. Cunn. ex. Planch is an herbaceous,
perennial herb endemic to southern Australia. In subalpine
areas, plants overwinter as underground rootstocks with or
without a few short shoots protected from frost by the sur-
rounding vegetation. With the arrival of spring, fresh shoots
develop and plants flower in mid to late summer before dying
back with the onset of autumn frosts. Seedling recruitment
occurs mainly in spring and early summer. Although L. mar-
ginale shows significant variation in its mating system across
its range, within the study area, populations are strongly in-
breeding (Burdon et al. 1999).

The Pathogen

Melampsora lini (Ehrenb.) Lev. is an autoecious rust path-
ogen that, in Australia, is restricted to Linum marginale. This
pathogen has substantial fitness effects on its host, causing
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60-80% reductions in population size during severe epidem-
ics (Jarosz and Burdon 1992). Thus, M. lini has the potential
to provide strong selection pressure on host resistance. Me-
lampsoral lini ispotentially capable of both sexual and asexual
reproduction on L. marginale, but assessment of RFLP and
pathogenicity variation within the study area found evidence
of strong linkage disequilibrium, and hence an implied lack
of sexual recombination (Burdon and Roberts 1995).

During the growing season, the pathogen occurs on living
tissue as small localized, orange-colored uredial lesions. This
stage of the life cycle is asexual and, under favorable envi-
ronmental conditions, six to eight uredial generations follow
one another in quick succession, leading to local epidemics.
The asexually produced urediospores are wind dispersed and
can infect either the same or different plants. The pathogen
overwinters as very limited numbers of dormant uredial in-
fections on occasional small shoots.

Study Sites

The host and pathogen populations used in the present
study occur on the Kiandra Plain in the northern part of the
Kosciuzko National Park or on the immediately adjacent
Wild Horse Plain (Fig. 1). This open subalpine grassland is
surrounded by extensive eucalypt forest in which L. margin-
aleisrarely found. The populations studied were distributed
in three groups located in the northern (G1, G3) and southern
sections (SH1, SH2) of the Kiandra Plain and in the Wild
Horse Plain (WHP1, WHP2; Fig. 1). The northern and south-
ern population groups are approximately 10 km apart, and
are 6.1 km and 4.6 km from the group located on Wild Horse
Plain, respectively. Within each group, interpopulation dis-
tances are: G1-G3, 225 m; SH1-SH2, 775 m; WHP1-WHP2,
380 m.

Collection of Host and Pathogen Populations

In the summer of 1998-1999, seed was haphazardly col-
lected from both healthy and infected individuals (minimum
of 25 plants across the entire area) in each of the six host
populations. Seeds from each plant were bagged separately
and stored in the laboratory for six months to break dor-
mancy.

At the same time as seed was collected, pathogen popu-
lations were sampled within each of the six host populations.
At each site, approximately 25 rust samples were collected
separately from different infected plants by lightly rubbing
cotton buds across the surface of sporulating uredia. In the
laboratory, samples were separately inoculated onto 10-15-
cm tall seedlings of the universally susceptible L. usitatis-
simum ‘Hoshangabad'’. Inoculated plants were left in a sat-
urated atmosphere overnight before being transferred to a
naturally lit glasshouse. One week later, single infections
were isolated and put through three cycles of increase to
produce sufficient urediospores for pathotype analysis. This
procedure ensured that each isolate consisted of asingle path-
ogen genotype. A subset of 10 isolates was randomly chosen
from each population for use in the local adaptation study.
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Fic. 1. Map showing the location of the study populations of Linum marginale and Melampsora lini on the northern and southern

Kiandra Plain and the adjacent Wild Horse Plain.

Evaluation of Patterns of Local Adaptation

Our primary goal was to evaluate the extent to which path-
ogen populations were locally adapted to their host popu-
lations (assessed as the level of virulence expressed, where
“‘virulence’’ refers to the ability of a particular pathogen
isolate to attack a specific host resistance gene). Wetherefore
determined the resistance structure of the six L. marginale
demes by exposing 20 maternal plant lines per host popu-
lation to 60 isolates of M. lini (10 isolates X 6 host popu-
lations in all possible pairwise combinations, giving a total
of 7200 individual inoculation tests).

Multipathotype infection type reactions were determined
using the same testing procedure asin earlier studies (Burdon
and Jarosz 1991; Jarosz and Burdon 1991). This involved
using shoots cut from young, vigorously growing host plants.
Stems from each plant, plus one of L. usitatissimum ‘Hos-
hangabad’, were placed upright in holes pierced through the
lid of 12-cm diameter disposable plastic tubs filled with tap
water. Each tub (containing 14 host lines plus the control)
was used in the determination of infection type responses to
a single pathogen line.

Tubs were sealed in the bottom of 12-cm diameter, 55-cm
tall plastic towers into which 10 mg of urediospores of M.
lini dispersed in 100 mg of talc wasinjected with compressed
air. The spore-talc mix was allowed to settle for 2-5 min
before each set was lightly sprayed with water. Thefollowing
day, tubs were transferred to anaturally lit greenhouse, where
infections were scored 12-14 days later. Any tests giving
ambiguous results were repeated. Five infection categories
could be distinguished, ranging from those showing many
large, freely sporulating uredia (+) through various forms of
restricted growth (+, +/=, —) to those in which there was
no macroscopic sign of infection (=; Lawrence and Burdon
1989). Partially resistant phenotypes (+, +/=) have been
shown to be controlled by single dominant genes inherited
in a simple Mendelian fashion (Burdon 1994).

General Assessment of Pathogen Virulence Pathotypes

Because we were interested in a broad view of local ad-
aptation across the entire metapopulation, we also assessed
the virulence of each isolate on a standard set of 11 L. mar-
ginale differential host lines (many of which are derived from
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the Kiandra region). These lines have been used extensively
in previous work assessing pathogen population structure
(Burdon and Jarosz 1991, 1992; Jarosz and Burdon 1991;
Burdon and Roberts 1995). For the purposes of pathotype
identification, all resistant type reactions were pooled so that
the interaction between a pathogen isolate and a particular
host line was classified as either susceptible (+) or resistant
(all other categories). The pattern of resistant and susceptible
responses across the differential set provided a unique matrix
that identified particular pathotypes. Using this approach, the
pathotypic structure of the six pathogen populations was de-
termined by screening an average of 23 isolates per popu-
lation (range = 21-25), including the 10 used for the local
adaptation study.

Using these raw data, pathogen populations were assessed
both in terms of the frequency and distribution of individual
pathotypes (essentially a multilocus assessment of homo-
zygosity at the various virulence genes that correspond to the
resistance genes/aleles in the lines of the differential set
[virulence is a recessive character in M. lini; Flor 1955]) and
in terms of their virulence (summed across all isolates)
against specific differential lines.

Satistical Analyses
General patterns of local adaptation

The infection type data were investigated with a nested
analysis, with populations nested within region and plant
lines or pathogen isolates nested within host or pathogen
populations, respectively. Note that for all analyses, individ-
ual host lines and pathogen isolates were treated as random
effects, whereas host and pathogen regions and populations
were assumed to be fixed effects.

Three approaches were used in the analysis: (1) the full
dataset with all differencesin infection reactions considered;
(2) the dataset subdivided into three categories reflecting full
propagule production (+), limited propagule production (=,
+/=), and zero propagule production (—, =); and (3) the
dataset divided into two categories according to the absence
of an effective resistance gene in the host or avirulence gene
in the pathogen (+) versus the presence of genes conveying
at least some resistance. In all cases, fully susceptible re-
actions were scored as 1 and the most resistant category as
0, between which intermediate resistance categories were
equally spaced. Thefirst two approaches were analyzed using
analysis of variance (SAS procedure GLM; SAS Institute
1989), whereas the third approach was analyzed using gen-
eralized linear models (SAS procedure CATMOD; SAS In-
stitute 1989). Because the results of these analyses were qual-
itatively similar, we only present analyses using the inter-
mediate approach with three infection categories. This most
accurately reflects epidemiological outcomes, given that in-
termediate infection categories generate some spores. Be-
cause we focus on regional and population-level effects, as-
suming that plant line and fungal isolate effects are random
(and therefore test over these higher-order interaction terms),
and our dataset is highly replicated and completely balanced,
the parametric assumptions are approximately met due to the
central limit theorem (Sokal and Rohlf 1995).

Both plant and pathogen region and population main ef-
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fectswere significant and clearly nonlinearly related. The best
fit for the relationship between mean plant population resis-
tance and mean pathogen virulence was given by a second-
order power function (y = axtb+cin®], where x and y represent
mean resistance and virulence, respectively).

Because the interaction between plant and fungal regions/
populations was significant, we tested the specific hypothesis
of local adaptation using three approaches. In the first, we
assessed whether pathogens differed in their ability to infect
plants from their own host population relative to plants from
other populations. This was tested using separate one-way
analyses of variance for each pathogen population followed
by contrasts comparing infection of their sympatric hosts
versus the average ability to infect allopatric host popula-
tions. The reciprocal question of whether pathogens were
better able to attack their own host population than pathogens
sampled from other host populations was also assessed with
one-way analyses of variance for each plant population fol-
lowed by sympatric versus allopatric contrasts. The same data
is analyzed in these two different ways; therefore, signifi-
cance of these tests was adjusted using the Dunn-Sidak meth-
od (Sokal and Rohlf 1995). Tests using the first approach
factor out main-effect differences of fungal population but
not main-effect differences of host, whereas tests using the
second approach factor out main-effect differences of host
population but not main effect differences of pathogen pop-
ulation. In tests using the third approach, we simultaneously
factor out both these main effect differences by developing
a series of contrasts within the nested analysis of the entire
dataset (for similar analyses, see Bever 1994; Bever et al.
1997; Mills and Bever 1998). We first tested local adaptation
among regions by comparing the average infection level of
sympatric combinations with the average infection level of
allopatric combinations. Because this effect was significant,
we followed it with three specific contrasts that tested local
adaptation of individual regions. The significance of these
contrasts were controlled for multiple comparisons using the
Dunn-Sidak method (Sokal and Rohlf 1995). We then tested
for local adaptation within regions followed by tests within
individual regions (again controlling for multiple compari-
sons).

Local adaptation and geographic distance

Two approaches were used to investigate the extent to
which the ability of a pathogen population to attack a given
host population was a function of physical distance between
them: (1) an analysis of covariance in which pathogen pop-
ulation was assumed to be a class variable, linear distance
to each host population was used as a covariate, and the mean
virulence of each pathogen population X host population
combination was the dependent variable (for a similar ap-
proach see Ebert 1994; Ebert et al. 1998); and (2) linear
regression for each pathogen popul ation separately. For these
analyses, distance data were log-transformed and mean vir-
ulences were arcsine-square-root transformed.

Pathogen population diversity

Pathogen isolates were classified into individual pathotypes
based on their interaction with the L. marginale differential set.
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TaBLE 1. Summary of descriptive data for the host and pathogen
populations used in the local adaptation study. Population means for
host resistance and pathogen virulence were calculated by pooling
across all pathogen isolates or host lines, respectively. Superscripts
indicate grouping according to a Tukey's comparison.

Patho-

Pathogen Host types  Shannon- R Genes
Population virulence resistance detected Weaver! attacked?
Gl 0.812¢P 0.2698¢ 8 1.19 5.1a¢
G3 0.861° 0.472~ 16 2.29 6.0
SH1 0.530% 0.085% 8 1.40 4,28
SH2 0.7578¢ 0.203¢P 7 1.32 5.0¢
WHP1 0.831¢P 0.331® 9 1.70 3.98
WHP2 0.707® 0.141°€ 7 1.14 4.68¢

1 Diversity of pathogen populations based on pathotype frequencies.
2Number of lines attacked in the L. marginale differential set.

The differences in frequency of these pathotypes across path-
ogen populations was tested using Fisher's exact test (SAS
procedure FREQ; SAS Institute 1989). In addition, a one-way
analysis of variance was used to investigate whether differences
existed among pathogen populations with respect to the mean
number of host differentials against which pathogens were vir-
ulent. The frequency of individual pathotypes was also used to
calculate a measure of pathogen population diversity (corrected
Shannon-Weaver index; Hutcheson 1970).

REsULTS

Population Variation in Host Resistance and Pathogen
Virulence

Overall, there was substantial variation among regions as
well as among host and pathogen populations in mean levels
of resistance and virulence respectively (Table 1). Host pop-
ulation G3 from the northern Kiandra Plain was significantly
more resistant than all other populations (mean = 0.47, SE
+ 0.032), whereas SH1 hosts (southern Kiandra Plain) were
significantly less resistant than all others (mean = 0.09 =
0.008). Moreover, pathogen popul ation SH1 was significantly
less virulent than all other pathogen populations (mean =
0.53 = 0.038). Similarly, the most virulent pathogen popu-
lation was G3 (mean = 0.86 = 0.025), although its mean
virulence did not differ significantly from either G1 or WHPL.
This pattern resulted in a very strong positive asymptotic
relationship between the overall resistance of a given host
population and the virulence of its associated pathogen pop-
ulation (model parameter estimates: a = 0.76, b = —0.28, ¢
= —0.17; adjusted r2 = 0.98, P = 0.001).

There were strong interactions between the region and pop-
ulation of origin of hosts and pathogens (Table 2). Much of
this effect fell within the interaction between the region of
origin for hosts and pathogens (the host region X pathogen
region effect in Table 2). However, plant and pathogen pop-
ulations within regions also differed strongly in their inter-
actions with pathogens and hosts from different regions and
different populations within regions (the host region X path-
ogen population within region effect, pathogen region X host
population within region effect, and the host population X
pathogen population effect in Table 2).

PETER H. THRALL ET AL.

Local Adaptation of Pathogen Populations

Using the approaches outlined in the Materials and Meth-
ods section, we addressed three specific questions relevant
to the general prediction that M. lini should belocally adapted
to populations of its host L. marginale.

Are individual pathogen populations better able to infect
sympatric than allopatric hosts?

Because of the significant interaction between host and
pathogen populations, we performed separate analyses for
each fungal population. Each pathogen population exhibited
significant variation in its ability to infect the six host pop-
ulations (Table 3, Fig. 2). Contrast tests for differences in
the ability of pathogens to attack their own versus other host
populations were significant for four of the six pathogen pop-
ulations (Table 3). For pathogen populations SH1, WHP1,
and WHP2, mean virulence was greater on sympatric than
allopatric host populations, whereas for G3 the reverse was
true.

For pathogen populations WHP1 and WHP2, the signifi-
cant contrast tests reflect the high resistance of host popu-
lation G3 to these pathogens (e.g., pathogens from WHP1
showed high virulence on all host populations other than G3,
and a Tukey’s comparison showed no differencesin the mean
virulence of WHP1 across host populations with the excep-
tion of G3). Indeed, for both of the WHP populations, ex-
clusion of G3 hosts from the analysis resulted in a nonsig-
nificant test for local adaptation. In contrast, pathogens from
population SH1 were better able to attack their own hosts
than other host populations, regardless of whether host pop-
ulation G3 was excluded. In fact, resistance to pathogens
from SH1 was generally quite high in all of the allopatric
host demes.

Are individual pathogen populations better able to infect
sympatric hosts than are other pathogens?

Except for SH1, there was significant variation in the re-
sponse of host populations to the six pathogen populations
(Table 4). Contrast tests for differences in the virulence of
sympatric versus allopatric pathogen populations were sig-
nificant for three of the pathogen populations (Table 4). For
these populations (G1, G3, WHP1), pathogens consistently
showed greater virulence on their sympatric hosts than the
average performance of the five allopatric pathogen popu-
lations (Fig. 3). With respect to host populations G1 and
WHPL1, significant differences appeared to be primarily due
to the very low virulence of pathogen population SH1 (al-
though even when SH1 was removed, the contrast was close
to significance for WHPL). For population WHP2, pathogens
showed reduced virulence on their sympatric host relative to
the other pathogens, although this difference was not signif-
icant (Table 4).

I's the average ability of pathogens to infect sympatric hosts
better than the average ability of pathogens to infect
allopatric hosts?

Overall, pathogens had greater ability to infect plantsfrom
sympatric than allopatric regions (Table 2). This pattern also
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TABLE 2. Variation in resistance of the host plant L. marginale and virulence of the rust pathogen M. lini in relation to their region (NK, SK,
WHP) and population of origin. All effects were tested assuming plant and isolate terms were random. When more than one mean square was
combined to achieve the expected error mean square, the Satterthwaite approximation was employed to determine_the appropriate degrees of
freedom (SAS Institute 1989). Significance of contrasts were controlled for multiple comparisons using the Dunn-Sidak method.

Source

Host region
Host region error
Pathogen region
Pathogen region error
Host region X pathogen region
Local adaptation across regions: overall test
Local adaptation across regions: NK vs. others
Local adaptation across regions: SK vs. others
Local adaptation across regions: WHP vs. others
Host region X pathogen region error
Host population within region
Variation between NK populations
Variation between SK populations
Variation between WHP populations
Host population within region error
Pathogen population within region
Variation between NK populations
Variation between SK populations
Variation between WHP populations
Pathogen population within region error
Host region X pathogen population within region
Host region X pathogen pop within region error
Pathogen region X host population within region
Pathogen region X host pop within region error
Host population X pathogen population
Local adaptation within region: overall test
Local adaptation within NK
Local adaptation within SK
Local adaptation within WHP
Host population X pathogen population error
Plant within host population within regiont
Isolate within pathogen population within region?
Pathogen region X plant within host population®
Host region X isolate within pathogen population*
Path reg X path pop X host reg X plant pop X plant®
Host reg X host pop X path reg X path pop X isolate®
Error

df MS F
2 31.82 19.65%***
130 1.62
2 12.49 12.40%***
69 1.01
4 1.60 5.89%**
1 4.53 16.72%***
1 4.16 51.36****
1 551 20.33****
1 1.76 6.47*
226 0.27
3 15.16 9.44%***
1 36.26 34.28****
1 3.52 2.18
1 5.70 3.54
207 161
3 7.85 7.91%***
1 0.94 0.95
1 19.53 19.73****
1 3.08 311
67 0.99
6 0.56 2.18*
228 0.25
6 1.49 5.76****
269 0.26
9 1.09 4.48%***
1 2.77 11.40%**
1 0.69 2.84
1 231 9.51**
1 0.28 1.16
327 0.24
114 151 9.45%***
54 0.89 5.85%***
228 0.16 111
108 0.15 1.09
342 0.14 3.59%**
162 0.13 3.45%**
6156 0.04

* P < 0.05 ** P < 0.01, *** P < 0.001, **** P < 0.0001.

1 Tested over the pathogen region X plant within host population MS.

2 Tested over the host region X isolate within pathogen population MS.

3 Tested over the path reg X path pop X host reg X host pop X plant MS.
4 Tested over the host reg X host pop X path reg X path pop X isolate MS.
5 Tested over the error MS.

TaBLE 3. Variation in virulence of individual pathogen populations
across host populations. For each pathogen population, contrast tests
were used to ask whether mean virulence was significantly different
on sympatric versus allopatric host populations (superscripts indicate
whether performance was greater on sympatric [S] or allopatric [A]
hosts).

Pathogen performance on
sympatric vs. allopatric
host populations

Main effect of
host population

Pathogen

population MS Foss MS Fis
G1s 18.30 18.04* *** 0.48 2.35
G3» 6.69 4.12** 6.53 20.12%***
SH1s 45.72 29.54* *** 24.13 T7.97****
SH2s 21.56 12.96* *** 1.23 3.70
WHP1s 23.37 47.86%*** 0.89 9.09**
WHP2s 21.92 12.87**** 1.84 5.39*

*P < 0.05 ** P <0.01, *** P < 0.001, **** P < 0.0001.

held true when each region was tested against the other re-
gions individually. Similarly, pathogens had greater ability
to infect plants from their own population than from the other
population in the same region (Table 2), although local ad-
aptation of pathogen populations at this level was only sig-
nificant within the southern Kiandra Plain. In contrast to the
previous results, when the main effects of both the overall
resistance of plant populations and the overall virulence of
pathogen populations were factored out, all tests werein the
direction of local adaptation of the pathogens. This remained
true when testing across the six populations without the hi-
erarchical structure.

Relationship between Pathogen Virulence and Distance
among Populations

Evidence for local adaptation is often expected to be cou-
pled with significant negative rel ationships between pathogen
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Fic. 2. Mean ability of pathogen populations to attack each of the six host populations. Each graph shows the resistance responses for
host populations grouped by pathogen population. Black bars represent sympatric combinations, and gray bars represent allopatric

combinations. Error bars represent standard error.

TABLE 4. Variation in the ability of individual pathogen populations
to attack sympatric host populations relative to allopatric pathogen
populations. For each host population, contrast tests were used to ask
whether mean virulence of sympatric pathogens was significantly dif-
ferent from allopatric pathogen populations (superscripts indicate
whether performance of sympatric [S] or allopatric [A] pathogens was
greater).

Performance of sympatric

Main effect of vs. allopatric pathogen

Host pathogen population populations
population MS Fosa MS Fist
G1s 31.57 21.46**** 2.20 7.49*
G3s 9.93 4.87*** 7.07 17.36****
SH1s 0.32 0.41 0.11 0.72
SH2s 8.89 6.90* *** 0.27 1.04
WHP1s 23.78 12.89* *** 3.36 9.11**
WHP2~ 2.48 4,02%* 0.14 1.14

*P < 0.05 ** P <0.01, *** P < 0.001, **** P < 0.0001.

virulence and geographic distance, although this is not nec-
essarily the case (Kaltz and Shykoff 1998). The analysis of
covariance showed no main effect of distance, although there
was a significant interaction between distance and pathogen
population (Table 5), indicating that there was no consistent
trend for more distant pathogen populations to perform worse
than sympatric pathogens. This interpretation was confirmed
by separate linear regressions of the mean performance of
each pathogen population on the six host populations. Al-
though only the regression for pathogen population SH1 was
significant (r2 = 0.59, P < 0.05), the relationship between
distance and performance varied between negative (SH1,
SH2) and positive (G1, G3; slopesvaried from —0.22 = 0.078
to 0.10 * 0.063). This reflects the strong differencesin over-
all susceptibility of these host populations and highlights the
unpredictable patternslikely to be typical of metapopulations.

Occurrence and Distribution of Virulence Pathotypes

A total of 34 virulence pathotypes were detected using the
L. marginale differential set (mean per population = 9.2).
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Fic. 3. Mean resistance of each host population to the six pathogen populations. Each graph shows resistance responses to the pathogen
populations grouped by host population. Black bars represent sympatric combinations, and gray bars represent allopatric combinations.

Error bars represent standard error.

Pathogen populations varied considerably in the number and
frequency of these pathotypes (Fisher's exact test, P <
0.0001; Table 1), with some unique types existing in each
population. Populations G1, SH2, and WHP2 were dominated
(>50%) by a single pathotype (designated A in previous
studies of the Linum-Melampsora system; Burdon and Jarosz
1991; Jarosz and Burdon 1991; Thrall et al. 2001). In contrast,
although population G3 is separated from G1 by only 225
m, pathotype A was recorded at substantially lower frequen-
cies in the former population. In fact, G3 had the highest
overall diversity (16 pathotypes), with 68.8% of these being
unique. Similarly, population SH1 was dominated by a com-
pletely different pathotype (pathotype A existed at < 5%) to
SH2, although SH1 is only 775 m away. These data dem-
onstrate that despite the high potential for among-population
dispersal of M. lini, the six pathogen populations were ge-
netically quite distinct.

A one-way analysis of variance revealed significant vari-
ation among pathogen populations in the mean number of
resistance genesin the L. marginale differential set that could
be attacked (Fs 13, = 11.99, P < 0.0001). The distribution

for pathogen population G3 showed the widest range of val-
ues, had the highest overall virulence of any of the pathogen
populations, and was the only population with pathotypes
able to attack more than seven of the host differentials (Fig.
4). These results correlated well with virulence estimates de-
rived from inoculations using the six natural L. marginale
populations (r = 0.41, P = 0.001), which clearly supports
the value of the differential set in meaningfully identifying
virulence pathotypes.

TaBLE 5. Analysis of covariance with mean virulence of pathogen
populations as the main effect, and linear distance between pathogen
population and host population as the covariate. The interaction be-
tween pathogen population and distance was significant at P < 0.05.

Source df MS F
Pathogen population 5 0.023 0.86
Distance 1 0.083 3.06
Pathogen population X distance 5 0.079 2.91*
Error 24 0.027
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for the six pathogen populations.

DiscussioN

Patterns of Local Adaptation in the Linum-Melampsora
System

Local adaptation is an average expectation that is not ap-
parent in every population all the time (Gandon and Van
Zandt 1998; Kaltz and Shykoff 1998; Lively 1999). Indeed,
using a computer simulation, Lively (1999) showed that the
magnitude of local adaptation fluctuates over time as aresult
of the frequency-dependent nature of host-pathogen dynam-
ics. In metapopulations, where colonization and extinction
processes and chance events (e.g., genetic drift) also play
significant roles, detecting local adaptation becomes even
more problematic. A reasonable test requires not only mul-
tiple populationslocated at arange of different distancesfrom
each other (Gandon and Van Zandt 1998), but also repre-
sentative samples of each host and pathogen population. In
the present study, we have evidence of local adaptation of
pathogens to their hosts within a single metapopulation (Ta-
ble 2), despite the often-large differences between individual
populations in overall resistance or virulence. Indeed, this
variation itself demonstrates the strength of the coevolution-

ary interaction as shown by the highly significant relationship
between average resistance and average virulence of host and
pathogen populations.

Local adaptation of pathogens is made possible by the
independence of coevolutionary dynamics between popula-
tions. The hierarchical sampling of host and pathogen pop-
ulations in this study allowed testing of these effects at mul-
tiple spatial scales. We observed strong differentiation of
both plant and pathogen populations among the three regions
(host region effect, pathogen region effect, Table 2) and clear
evidence of local adaptation of the pathogen. Although we
also obtained evidence of differentiation and local adaptation
of plant and pathogen populations within regions, these dif-
ferences were weaker than at the regional level. Furthermore,
variation among pathogen populations within regions was
weaker than that observed among host populations within
regions. This pattern reflects the higher dispersal and greater
stochasticity inherent in the life-history of M. lini. Indeed,
an earlier study of host and pathogen populations within the
Kiandra metapopulation found significant spatial structure
with respect to the distribution of host resistance phenotypes.
However, with respect to pathogen virulence, significant dif-
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ferences were found between subregions of the metapopu-
lation, but not within them (Thrall et al. 2001). This finding
is consistent with the current study and is one of the con-
ditions under which local adaptation of the pathogen might
be expected (Gandon et al. 1996).

The spatial scale of dispersal, and hence differentiation, of
pathogen populations is itself likely to determine the extent
of local adaptation within a metapopulation. Thus, while dif-
ferencesin overall resistance were smallest for the two south-
ern Kiandra Plain host populations, the pathogen populations
in that region showed the greatest differentiation, consistent
with the fact that the interpopulation distances were also
greatest for thispopulation pair. Moreover, it is between these
two pathogen populations that we also found the strongest
evidence for local adaptation (Table 2). These results illus-
trate both the potential influence of pathogen life history on
the probability of observing local adaptation and the value
of hierarchical sampling in a metapopulation context.

The Linum-Melampsora system is characterized by epi-
demic disease dynamics with boom-and-bust cycles and fre-
quent local extinctions of the pathogen. Linum marginale
populations are much less ephemeral (although there can be
substantial numerical and genetic shifts following major ep-
idemics; Burdon and Thompson 1995) and may be regarded
as semistable assemblages upon which M. lini populations
evolve. Given the stochastic nature of dynamics in the Me-
lampsora component of this interaction, the strength of the
positive relationship between host resistance and pathogen
virulence underscores the potential for host variation to de-
termine evolutionary trajectories of pathogen populations.
Clearly, evolution in host populations harboring many resis-
tance alleles (often correlated with average resistance; Thrall
et al. 2001) may favor very different pathogen populations
to those evolving in low-diversity host populations. Thus, in
this Linum-Melampsora metapopulation, where hosts are
long-lived and strongly inbreeding, founder events will play
alargerolein determining host population structure, leading
to potentially quite different selection environments. In such
situations, pathogen populations associated with more-resis-
tant hosts may be both more diverse and more virulent. Con-
versely, plant populations with overall lower resistance ap-
pear to select for pathotypes with overall lower virulence,
thereby generating the strong correlation between average
virulence of pathogens and average resistance of hosts ob-
served here. Selection in this direction must then result from
a trade-off between virulence and some aspect of population
growth or colonizing ability of pathogens. Such a trade-off
would also play an important role in generating local adap-
tation in a gene-for-gene pathosystem because it would im-
pede the evolution of super pathotypes capable of attacking
all plant genotypes.

The expectation of adistance effect isbased on theimplicit
assumption of a trade-off between adaptation to local hosts
and performance on allopatric hosts (Kaltz and Shykoff
1998). Although a negative relationship between geographic
distance and pathogen success is strong evidence of local
adaptation (Ebert 1994; Ebert et al. 1998), its absence does
not mean a lack of local adaptation. For example, Lively
(1989, 1999) found strong patterns of local adaptation in
populations of the snail Potamopyrgus antipodarum and its
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trematode parasite Microphallus sp. but no consistent dis-
tance effect. Similarly, Morand et al. (1996) examined data
from a range of studies of schistosome parasites and snails
and found that there was no consistent evidence of anegative
relationship between compatibility and distance. Here we
found a comparable result with a significant interaction be-
tween distance to the host population and pathogen popu-
lation of origin, indicating that more distant pathogens could
perform either better or worse than sympatric pathogens. This
result is not unexpected in metapopul ations where pathogens
undergo frequent population crashes with attendant genetic
drift and local extinction.

Some General Implications for Tests of Local Adaptation

The findings reported here raise a general issue regarding
the interpretation of patterns of host-pathogen coevolution.
Two alternative tests have been used previously with local
adaptation being inferred when either parasites are better able
to attack sympatric than allopatric hosts (Parker 1985; Lively
1989, 1996; Kaltz et al. 1999; Mutikainen et al. 2000) or
parasites are better able to attack sympatric hosts than are
allopatric pathogens (Ebert 1994; Ebert et al. 1998; Lively
1999). Some authors have noted that both tests are equally
valid but provide different information on adaptive genetic
structure (Gandon and Van Zandt 1998; Gandon et al. 1998;
Kaltz and Shykoff 1998). Here we demonstrate that either or
both of these tests of local adaptation may be inadequate
when there are overall differences in resistance and/or vir-
ulence among the host and pathogen populations, respec-
tively.

Specifically, assessing pathogen performance in sympatric
versus allopatric host populations can provide a misleading
test of local adaptation when host populations differ in overall
resistance. For example, pathogen population G3 did signif-
icantly worse on its own highly resistant host population than
on allopatric hosts (Table 3, Fig. 2). However, when differ-
encesin overall resistance were factored out, it showed strong
local adaptation (F; 34, = 18.38, P < 0.0001) because it was
better able to attack G3 hosts than could other pathogen pop-
ulations (Table 4, Fig. 3). Alternatively, this same test can
give afalse-positive result. Pathogen population WHP2 was
better able to attack its own host population than allopatric
hosts (Table 3, Fig. 2); however, this effect was offset by
the tendency of this pathogen population to be less virulent
on its sympatric hosts than were other pathogen populations
(Table 4, Fig. 3). These two factors counteract each other
such that the combined test is no longer significant (Fy 34,
= 3.29). Similarly, testing whether pathogens are better able
to attack sympatric hosts than are allopatric pathogens may
also provide an inadequate test when the pathogen popula-
tions show overall differences in virulence. Thus, for path-
ogen population SH2 (Tables 3, 4), the combined test indi-
cated significant local adaptation of the pathogen (Fj 34, =
6.03, P < 0.05), although neither of the individual tests of
local adaptation did so.

Gandon and Van Zandt (1998, p. 215) suggested that a
potential solution to these problems is to pool information
across the entire cross-inoculation experiment, resulting in
the interpretation of local adaptation as ‘‘a general pattern
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that describes the adaptive genetic structure of both the host
and the parasite.”” We agree but add that even with reciprocal
cross-inoculation studies, tests of local adaptation in asingle
dimension (one pathogen population or the effects of path-
ogens on one host population at a time) must be interpreted
with caution. In both cases, interpretation is based on the
assumption that there are no intrinsic differences among pop-
ulations in overall levels of host resistance or pathogen vir-
ulence. When these expectations are met, results will be gen-
erally congruent for both kinds of one-way tests for local
adaptation. However, this expectation clearly does not match
the patterns predicted for situations such as the Linum-Me-
lampsora system, where metapopulation structure and sto-
chastic local-history effects predominate. We therefore ad-
vocate athird approach that combines the previous two meth-
ods into a single test that controls for overall differencesin
virulence of pathogen populations and resistance of host pop-
ulations. The hierarchical structure of our dataset allows us
to implement these tests both between regions and between
populations within regions.

Most theory has focused on within-population scales of
local adaptation rather than how interactions are affected by
the metapopulation matrix in which individual demes are
generally embedded. In real-world systems where spatial
structureisimportant, thisisacritical component. Depending
on the spatial scale of the interaction and the magnitude and
frequency of colonization and extinction events, coevolu-
tionary processes may occur at scales ranging from local
patches to broader regional scales and beyond (Thompson
1994, 1999). Despite the inherently stochastic nature of pro-
cesses occurring within local demes, by considering the in-
teraction between multiple samples from multiple host and
pathogen populations in an explicitly spatial context, it is
possible to disentangle coevolutionary dynamics across the
metapopulation. Using this approach in the Linum-Melamp-
sora system, we demonstrate a complex coevolving inter-
action in which pathogens are both strongly locally adapted
to their hosts and covary in overall virulence with the overall
resistance of their hosts. The conjunction of these two pat-
terns may well be a signature of coevolution within a meta-
population structure in pathosystems with gene-for-gene ge-
netic architecture.
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