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Introduction

Adaptation to heterogeneous environments is considered a

main driver of the evolution and maintenance of genetic

diversity in natural populations (Levins 1968; Hedrick 1986;

Ravigné et al. 2009). This argument hinges on the idea that

adaptation to one environment reduces fitness in others,

resulting in genetic trade-offs between environments (geno-

type · environment interactions, G · E) and concomitant

patterns of local adaptation (Kawecki and Ebert 2004).

Environmental heterogeneity may also influence coevo-

lution and patterns of local adaptation in host–parasite

interactions (Thompson 2006; Nuismer and Gandon 2008;

Gandon and Nuismer 2009). In these systems, the ‘envi-

ronment’ takes different forms. For example, the parasite

is confronted with the genetic environment of the host

(resistance genes, etc.) and the abiotic environment, either

directly or indirectly via the host. Traditionally, empirical

and theoretical work have focused on parasite adaptation

to the genetic host environment (and vice versa) and on

the role of host genotype · parasite genotype interactions

(GH · GP) in maintaining genetic polymorphism and pro-

ducing geographic patterns of local adaptation (Kaltz and

Shykoff 1998; Gandon 2002; Dybdahl and Storfer 2003).

However, the abiotic environment can strongly affect dis-

ease development and transmission, and recent studies

have demonstrated G · E, or even GH · GP · E, interac-

tions for these traits (Thomas and Blanford 2003; Vale
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Abstract

Environmental heterogeneity influences coevolution and local adaptation in

host–parasite systems. This also concerns applied issues, because the geographic

range of parasites may depend on their capacity to adapt to abiotic conditions.

We studied temperature-specific adaptation in the wheat yellow/stripe rust patho-

gen, Puccinia striiformis f.sp. tritici (PST). Using laboratory experiments, PST iso-

lates from northern and southern France were studied for their ability to

germinate and to infect bread and durum wheat cultivars over a temperature gra-

dient. Pathogen origin · temperature interactions for infectivity and germination

rate suggest local adaptation to high- versus low-temperature regimes in south

and north. Competition experiments in southern and northern field sites showed

a general competitive advantage of southern over northern isolates. This advan-

tage was particularly pronounced in the southern ‘home’ site, consistent with a

model integrating laboratory infectivity and field temperature variation. The sta-

ble PST population structure in France likely reflects adaptation to ecological and

genetic factors: persistence of southern PST may be due to adaptation to the war-

mer Mediterranean climate; and persistence of northern PST can be explained by

adaptation to commonly used cultivars, for which southern isolates are lacking

the relevant virulence genes. Thus, understanding the role of temperature-specific

adaptations may help to improve forecast models or breeding programmes.
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et al. 2008; Wolinska and King 2009). This may add sub-

stantial complexity to the traditional view of host–parasite

coevolution. How does environmental variation modulate

the strength or specificity of reciprocal selection (Hoch-

berg and van Baalen 1998; Gomulkiewicz et al. 2007; Laine

2008; Lopez-Pascua and Buckling 2008)? Can patterns of

parasite local adaptation be decomposed into adaptation

to the local environment and adaptation to the genetic

structure of the local host population (Gandon and Nuis-

mer 2009)? These questions are also highly relevant in an

applied context, especially in the light of global climate

change (Harvell et al. 2002; Lafferty 2009). Indeed, under-

standing how present environmental conditions shape the

evolution of medically or agronomically relevant parasites

and pathogens may help predict future adaptation and

changes in their geographic range.

Agrosystems are convenient for the study of (co) evolu-

tionary processes. The physiology and genetics underlying

the interaction between crop and pathogen are generally

well characterised, and breeder-mediated coevolution is

sometimes well documented (Thrall et al. 2011). Typically,

this process follows boom-and-bust cycles (Bonman et al.

1992; Wolfe and McDermott 1994; McDonald and Linde

2002), whereby new resistance genes introduced by breed-

ers are countered by the recurrent emergence of corre-

sponding virulence mutations in the pathogen population.

However, the role of the environment in pathogen

adaptation is largely unclear. Many studies in plant

pathology have described environmental effects on disease

development and transmission (Garrett et al. 2006; Hau

and de Vallavieille-Pope 2006), but often use only few

host or pathogen genotypes (e.g. Pfister et al. 2004; Nord-

skog et al. 2007). Therefore, still relatively little is known

about the strength of G · E interactions and their adap-

tive significance. This may explain why environmental

variables are rarely considered when discussing resistance

durability (McDonald and Linde 2002; Niks and Rubiales

2002; Burdon and Thrall 2008).

We explored the influence of the abiotic environment

on local adaptation of the fungal pathogen Puccinia strii-

formis Westend. f.sp. tritici (PST), the worldwide causal

agent of wheat yellow (stripe) rust. Typically, PST popu-

lations are clonal and adapt through a stepwise mutation

process and selective sweeps (Wellings and McIntosh

1990; Hovmøller and Justesen 2007). Thus, within only

few years, populations acquire virulence factors overcom-

ing major qualitative resistance genes used in cultivars

(Wellings and McIntosh 1990; Wan et al. 2004).

In France, the situation is particular: a stable genetic

differentiation exists between northern and southern PST

populations, with two clonal lineages diverging for viru-

lence factors and molecular markers (Enjalbert et al.

2005). As no geographic barriers prevent migration and

because PST has long-distance wind dispersal (1500 km:

Brown and Hovmøller 2002), the north/south genetic

structure may be explained by selection. In part, the pat-

tern reflects adaptation of PST to the wheat resistance

gene landscape. Over the past 30 years, intense selection

against yellow rust in north-western Europe involved the

successive introduction of new resistance genes by plant

breeders and rapid emergence of new pathotypes, result-

ing in a large spectrum of virulence genes in the northern

PST population (de Vallavieille-Pope et al. 1990, 2011).

In contrast, PST from the Mediterranean region has a

smaller virulence spectrum and generally lack the viru-

lences necessary to overcome the Yr resistance genes pres-

ent in most widely used cultivars in the north (de

Vallavieille-Pope et al. 1990; Bayles et al. 2000).

These genetic differences would explain the absence of

southern strains in northern areas, but not the absence of

northern strains in the south. The northern PST popula-

tion harbours all the virulence genes necessary to infect

wheat cultivars used in southern France (de Vallavieille-

Pope et al. 2011. We, therefore, hypothesised that the

geographic differentiation also involves adaptation to the

local climate, namely to a north–south cline in tempera-

ture. Temperature strongly influences PST development

(de Vallavieille-Pope et al. 1995; Chen 2005; Hau and de

Vallavieille-Pope 2006), and a recent theoretical study

detailed how high temperature is a major limiting factor

for PST epidemic spread (Papastamati and van den Bosch

2007). Thus, local adaptation to higher temperatures in

the Mediterranean region may protect southern PST

against invasion by northern PST.

To test for temperature-specific adaptation, we first mea-

sured infectivity and spore germination rate of northern

and southern PST isolates over a range of temperatures on

bread and durum wheat cultivars under controlled climate

chamber conditions. Second, competition experiments

between northern and southern isolates were carried out in

experimental field sites in the north and south of France.

Third, we integrated climate chamber data and meteorolog-

ical data into a simple model and compared predicted com-

petitive success with realised outcomes in the field.

Materials and methods

Origin of fungal isolates and host cultivars

We tested 10 PST isolates collected from northern France

and seven from southern France (Table S1), representing

predominant genotypes in the two geographic areas over

a 20-year period. Molecular markers and virulence

profiles indicate that southern isolates belong to a

North-African population, whereas northern isolates

belong to the northwestern-Europe PST population (Enjalbert

et al. 2005; Bahri et al. 2009b). Low within-group genetic
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diversity indicates a narrow origin for each clonal lineage.

Southern isolates (6E16 pathotype) exhibit a simple viru-

lence spectrum (Table S1) and cannot infect most of the

northern France cultivars, which carry one or several of

the resistance genes Yr1, Yr3, Yr4, Yr9, Yr17, Yr25, Yr32

(de Vallavieille-Pope et al. 1990; Bayles et al. 2000). Epi-

demics in the south (1996–2001), therefore, typically

occurred on non-Yr bread and durum wheat cultivars,

such as Victo and Acalou (Enjalbert et al. 2005; de Vall-

avieille-Pope et al. 2011). In contrast, northern isolates

belong to different pathotypes with a more complex viru-

lence spectrum (Table S1), evolved in response to various

cultivars introduced by breeders (de Vallavieille-Pope

et al. 2000, 2011). For example, over the past 15 years,

epidemics in the north involved the successive breakdown

of Yr17, Yr17 + Yr6 and Yr32 resistance genes (Bayles

et al. 2000; de Vallavieille-Pope et al. 2011). In principle,

the genetic composition of northern PST allowed infec-

tion of cultivars used in the south (e.g. Victo and Acalou),

but nonetheless, only 11.7% of the isolates collected in

the south during the 1996–2001 period were typical

northern pathotypes. Conversely, only 4% of the isolates

collected in northern France were 6E16 and mainly found

on the Victo cultivar, which is rarely grown in the north.

Bread wheat (Triticum aestivum) is predominantly used

in the north of France and durum wheat (Triticum turgi-

dum) in the south; the main experiments were performed

on one bread wheat cultivar (Victo) and one durum

wheat cultivar (Acalou), both highly susceptible to PST.

In supplementary experiments, using a subset of six

northern and southern isolates, additional cultivars were

tested (see Supporting Information).

Preparation of fungal spores

To minimise maternal or environmental effects, uredini-

ospores of the 17 isolates were simultaneously inoculated

on 10-day-old wheat seedlings of the cultivar Michigan

Amber. Infected plants were kept in a climate chamber,

under a 8-h 14�C dark period and 16-h 17�C light period

regime (light intensity: 300 lmol quanta m)2 s)1). After

15 days, harvested urediniospores were placed in a glyc-

erol-filled desiccator for 4 days at 4�C, and then stored in

liquid nitrogen. Before inoculation, frozen spores were

heat shocked for 10 min at 40�C to facilitate germination.

Inoculation protocol for climate chamber experiments

In independent experimental tests, we measured infectiv-

ity of the 17 northern and southern isolates at five

temperatures: 7, 10, 15, 20 and 25�C. The range of tem-

peratures chosen here is representative of spring and

early summer night/dawn, where spore germination and

subsequent leaf infection occur subsequently to dew for-

mation.

Plants were inoculated as described in Bahri et al.

(2009a). Replicates were grouped in 25 cm2 pots, in

which 10 seeds of a given host cultivar were sown. After

10 days (two-leaf stage), we chose six similarly developed

seedlings in each replicate pot and removed their second

leaf; the remaining seedlings were discarded. Replicate

pots were inoculated in a settling tower using 0.5 mg of

urediniospores. The density of deposited spores (per

mm2) was estimated on glass microscopy slides, placed in

the settling tower. Inoculated plants were placed for 24 h

in a dew chamber in the dark to permit penetration of

the fungus (de Vallavieille-Pope et al. 1995; Hall et al.

2006). During this 24-h period, replicate pots were

exposed to one of the five temperature treatments. Then,

plants from all treatments were kept for 1 week in the

greenhouse, under optimal growth conditions (8-h 14�C

dark, 16-h 17�C light).

After 1 week of incubation, chloroses (i.e. early symp-

toms because of spores successfully penetrating the leaf)

were counted on each leaf. We calculated infectivity as the

number of chloroses divided by the leaf surface

(length · width, mm2) and the density of deposited spores

(spores per mm2). In total, we established five replicate

pots for each combination of fungal isolate, host cultivar

(Victo or Acalou) and temperature, with a total of 5100

inoculated seedlings (17 isolates · five temperatures · two

cultivars · five pots · six seedlings). For a subset of iso-

lates, these tests were repeated at 10 and 20�C, with addi-

tional host cultivars (see Supporting Information).

Germination rate

To measure the effect of temperature on spore germina-

tion rate, urediniospores were deposited on glass micros-

copy slides in the settling tower, as described earlier. The

spores were then incubated for 24 h at 7, 10, 15 and

20�C in a dew chamber. For each PST isolate and temper-

ature, germination was assessed on two slides, by examin-

ing 100 spores per slide under a microscope at 10·
magnification. Spores were considered as germinated

when the germ tube length was at least equal to the

diameter of the spore. We repeated this experiment at 10

and 20�C (see Supporting Information).

Field competition experiments

In 2005 and 2006, we carried out pairwise competition

experiments between southern and northern isolates in

experimental field plots in southern France (Mauguio,

43�37¢N 4�0¢E) and northern France (Grignon, 48�50¢N
1�55¢E). Four pairs of southern/northern isolates

Mboup et al. Climate adaptation and genetic structure
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(Table S1) were tested in each location, on host cultivars

Acalou and Victo. For each competing pair, 50:50 spore

mixtures were established and inoculated on Victo seed-

lings, as described earlier. In late March, two pots of

sporulating seedlings (20 seedlings per pot) were planted

in the centre of a 10 m · 1.5 m plot of a given cultivar

(approximately 1300 plants). The Victo plots were sepa-

rated from the Acalou plots by a 7-m band of the cultivar

Caphorn, which is fully resistant to all our isolates as well

as to naturally occurring isolates. In total, 32 field plots

were established (2 years · two locations · two culti-

vars · four pairs of competing isolates).

At the end of the epidemics (early June), spores from

the centre of each infection focus in a plot were harvested

with a vacuum collector. The initially introduced infected

plants, in most cases already dead by the end of the

experiment, were excluded from spore harvest. The rela-

tive proportions of the two competing isolates were deter-

mined by inoculating 0.1 mg of the collected

urediniospores on five pots, each containing 15 seedlings

of the Compair (Yr8) cultivar. This selective cultivar is

resistant to the northern isolates and susceptible to the

southern isolates (carrying V8, Table S1). We then deter-

mined the relative proportion of southern and northern

isolates in two steps. First, 7 days after inoculation, we

counted the number of chlorotic spots on the seedlings

and marked each spot with an ink marker. These chlo-

rotic spots correspond to both successful infections (by

the southern isolates) and hypersensitive reactions (by the

northern isolates). Second, on day 14, we recorded the

number of sporulating chloroses and could clearly distin-

guish the successful infections from the necrotic spots

(=failed infection by northern isolates). Thus, the propor-

tion of southern isolates among the harvested spores was

taken as the ratio of the number of sporulating choroses/

total chlorotic spots (necrotic + sporulating). Additional

experiments, using different ratios of isolates in the spore

mixtures, confirmed the capacity of this protocol to

detect variation in isolate frequency (Supporting Informa-

tion).

Yellow rust sporulation is characterised by long-lasting

lesions and short-distance spore dispersal (de Vallavieille-

Pope et al. 2000), resulting in local spread of infection in

our experimental plots. Therefore, the spatial separation

of inoculation spots minimised the risk of cross-contami-

nation between experimental plots. In all plots, we always

observed circular development of secondary infection foci

around the planted pots with the infected seedlings, indi-

cating highly localised spread of infection. Furthermore,

molecular analysis of spore samples from four secondary

infection foci (100 spores per focus) showed no evidence

for contamination with pathotypes used in other experi-

ments in neighbour plots.

Statistical analyses

First, for the climate chamber data, effects of host culti-

var, pathogen origin and temperature were investigated in

factorial analyses of variance (anova). Isolate identity

was nested as a random factor within pathogen origin. To

meet assumptions of homoscedasticity and normality, we

used square-root transformation for infectivity and arc-

sine transformation for germination rate. For infectivity,

we took averages over seedlings and replicate pots to

obtain the mean infectivity per combination of isolate,

temperature and cultivar. Similarly, germination rate was

averaged over microscope replicate slides.

Second, for the field competition data, anova was used to

test for effects of year, host cultivar and identity of pairs of

southern/northern isolates on the (arcsine-transformed) fre-

quency of the southern genotype at the end of the epidemics.

Year and pair identity were considered random factors.

Third, we tested whether outcomes in the field experi-

ment could be predicted from a combination of climate

chamber data and meteorological data. To this end, we

calculated daily predicted values of infectivity for each

individual isolate, based on the daily minimum tempera-

ture recorded in each field location and the infectivity

estimated at that temperature from the climate chamber

data. From these predicted daily infectivity values, we cal-

culated a cumulated predicted growth difference (i.e. a

difference in spore production) between competing iso-

lates, and this for each host cultivar, field location and

year (for details, see Figures S8 and S9). Analyses of

covariance were tested for a relationship between pre-

dicted growth difference (southern minus northern iso-

late) and the observed change in southern isolate

frequency. These analyses included pair identity, field

location, host cultivar and year as cofactors.

We used the JMP statistical package (SAS 2009). Where

appropriate, initial full models were simplified by sequen-

tial removal of nonsignificant factors, starting with

higher-order interactions.

Results

Infectivity

Infectivity, that is the fraction of spores able to infect host tis-

sue and cause symptom development, was strongly dependent

on temperature (Fig. 1, Table 1). We observed hump-shaped

reaction norms, with high levels of infection at 10 and 15�C

and low levels of infection at 7 and 20�C. Dew incubation at

25�C induced a hypersensitive reaction, rendering hosts

almost entirely resistant to infection at this temperature.

Statistical analysis revealed significant interactions of

temperature with pathogen and cultivar identity (Table 1).

First, the temperature · pathogen origin interaction

Climate adaptation and genetic structure Mboup et al.
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indicated differential performance of northern and south-

ern isolates at different temperatures. At lower tempera-

tures (£15�C), southern isolates were less infectious than

northern isolates, in particular at 7 and 10�C (significant

pairwise a posteriori comparisons reported in Fig. 1). In

contrast, at high temperature (20�C), the pattern was

inverted, with southern isolates showing up to 10-fold

higher infection success than the northern isolates (Fig. 1).

These temperature-dependent differences were very similar

on both host cultivars (nonsignificant temperature · path-

ogen origin · cultivar interaction; Table 1).

Second, the temperature · cultivar interaction indicated

an approximately 5�C difference in the peak levels of infec-

tion between the two cultivars. The bread wheat cultivar

Victo was most susceptible to infection at 10�C, whereas the

durum wheat cultivar Acalou became most infected at 15�C.

For a subset of isolates, we repeated the experiment at 10

and 20�C on additional wheat cultivars (see Supporting

Information). These experiments showed, first, a high level

of repeatability of the relative performance of individual

isolates at a given temperature (Figure S1, Table S2). Sec-

ond, the temperature · pathogen origin interaction was

statistically robust against variation between replicate

experiments (Table S3). Thus, in independent replicate

experiments, there was an advantage in infection success of

southern isolates at 20�C and an advantage of northern iso-

lates at 10�C (Figure S2). Third, this trade-off was consis-

tent over several host cultivars, albeit more pronounced on

bread wheat than on durum wheat (Figure S3, Table S4).

Germination rate

Germination rate peaked at 10 and 15�C (Fig. 2), but

precise responses varied with pathogen origin (tempera-

ture · pathogen origin interaction, Table 2). As for infec-

tivity, southern isolates had a clear advantage over

northern isolates at high temperature (20�C); conversely,

northern isolates tended to have higher germination rates

at lower temperatures of 10 and 15�C, but not at 7�C
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Figure 1 Mean infectivity of northern and southern Puccinia striifor-

mis f.sp. tritici isolates for five incubation temperatures, on the (A)

Acalou and (B) Victo host cultivar. Means and standard errors based

on the averages of 10 northern and seven southern isolates. *Signifi-

cant differences between northern and southern isolates at a given

temperature, as revealed by Student–Newman–Keuls a posteriori tests.

*P < 0.05; **P < 0.01.

Table 1. Analyses of variance of infectivity, as a function of pathogen origin (north versus south), host cultivar (Victo versus Acalou) and patho-

gen isolate, at five incubation temperatures.

Source df Denominator Denominator df

Mean square

(·10)2) F P

Origin 1 (1) 15 0.123 0.28 0.6075

Cultivar 1 (2) 15 0.817 8.48 0.0110

Temperature 4 (3) 60 32.870 82.52 <0.0001

Isolate[origin] (1) 15 (2)+(3))(4) 52 0.446 1.07 0.4063

Isolate*cultivar[origin] (2) 15 (4) 60 0.097 1.25 0.2653

Isolate*temperature[origin] (3) 60 (4) 60 0.398 5.11 <0.0001

Origin*temperature 4 (3) 60 1.580 3.97 0.0064

Cultivar*temperature 4 (4) 60 2.651 34.03 <0.0001

Origin*cultivar 1 (2) 15 0.170 1.76 0.2053

Origin*cultivar*temperature 4 (4) 60 0.033 0.43 0.7888

Residual (4) 60 0.078

The denominator column indicates the terms used as denominator for F-tests. Isolate was taken as a random factor.
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(Fig. 2, with results from pairwise contrasts). A comple-

mentary experiment showed that the relative performance

of a subset of isolates was repeatable at 10 and 20�C

(Table S5, Figure S4), confirming the higher germination

rate of southern isolates at 20�C (Figure S5).

Across isolates, there was a significant positive relation-

ship between germination rate and infectivity (ancova of

infectivity, with temperature and isolate origin as cofac-

tors and germination rate as covariate: F1,62 = 8.40,

P = 0.0052). Thus, germination rate was a good predictor

of infection success. Genotypic correlations, calculated

separately per isolate origin and temperature treatment,

were almost all positive (seven of eight), with a mean

effect size of 0.35 (±0.13 SE).

Field competition experiment

In the southern location, a hypersensitive resistance reac-

tion of one of the two cultivars (Acalou) precluded the

collection of spores for analysis in both 2005 and 2006. In

the remaining 24 experimental plots, the southern isolates

generally increased in frequency both in the northern and

southern location (Fig. 3); in only one plot, their final fre-

quency fell below the initial 50% (overall mean: 78 ± 3%;

test for difference from 50:50 ratio: t23 = 9.65, P < 0.0001).

To accommodate for the unbalanced data set, we first

performed an analysis for the northern location only,

where data for both the Acalou and Victo cultivars were

available; a second analysis was restricted to the Victo culti-

var, but included both locations. In the first analysis, the

outcome of competition in the north did not significantly

vary among the different pairs of isolates (F3,9 = 1.28,

P = 0.3385), with southern isolates often reaching frequen-

cies of over 80%. In 2005, the increase of southern isolates

was only marginal on the Victo cultivar (significant

year · cultivar interaction: F1,12 = 69.1, P < 0.0001;

Fig. 3). However, additional sampling 1 month later

revealed that southern isolates had reached frequencies of

>90%, indicating a delayed competitive advantage in 2005.

The second analysis, considering competition on the

Victo cultivar, showed that the mean competitive success

of southern isolates was significantly higher in the south-

ern than in the northern location (F1,13 = 7.66, P = 0.016;

Fig. 3). This pronounced southern advantage was consis-

tent over the different competing isolates and between

years (interactions with location: P > 0.08): in seven of

eight cases (four pairs · 2 years), competitive success of

southern isolates was higher in the south than in the north

(Wilcoxon signed-rank test: W = 17.0, P = 0.0156; Fig. 4).
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striiformis f.sp. tritici isolates for four incubation temperatures. Means

and standard errors based on the averages of 10 northern and seven

southern isolates. *Significant differences between northern and

southern isolates at a given temperature, as revealed by Student–

Newman–Keuls a posteriori tests. *P < 0.05; **P < 0.01.

Table 2. Analyses of variance of germination rate, as a function of

pathogen origin (north versus south) and pathogen isolate, at four

incubation temperatures. Isolate was taken as a random factor.

Source df

Mean

square F P

Origin 1 0.029 1.57 0.2301

Temperature 3 2.970 251.34 <0.0001

Origin*temperature 3 0.183 15.51 <0.0001

Isolate[origin] 15 0.019 1.57 0.1229

Residual 45 0.012
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tition with northern isolates in experimental field plots in northern

France (left panel) and southern France (right panel). Independent rep-

licate experiments were carried out in 2005 and 2006, on two host

cultivars (Victo, Acalou), with an initial 1:1 ratio of the southern and

the northern isolate. Means and standard errors taken over four dif-

ferent southern/northern pairs of isolates. In the south, a high-temper-

ature-induced resistance reaction rendered the Acalou cultivar

resistant to fungal development, leading to missing data.
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Predicting field competition outcome from climate

chamber data

By combining climate chamber data and meteorological

data, we calculated predicted growth differences between

southern and northern isolates in the field experiment.

First, analysis of this predicted difference revealed a sig-

nificant effect of assay location (F1,17 = 15.44, P = 0.0011,

in anova controlling for cultivar, year and pair identity):

southern isolates were predicted to be relatively more

competitive in the southern than in the northern location

(Fig. 5A). This is consistent with their observed higher

competitive success in the south (Fig. 4). Second, there

also was a quantitative match between predicted and

observed values: across all replicates, we found a signifi-

cant positive correlation between predicted and observed

competitive success of southern isolates (r = 0.43, n = 24,

P = 0.0356; Fig. 5B). Thus, within certain limits, it was

possible to predict competition outcomes for a given iso-

late in a given field plot.

Discussion

We found strong effects of temperature on pathogen fit-

ness traits as well as genotype · temperature interactions

for these traits in the laboratory experiment. The field

experiment revealed competitive superiority of southern

over northern PST isolates, especially reinforced in the

southern assay location. We will discuss implications of

these results regarding climate-specific (local) adaptation

of PST and whether such specificity explains the stable

spatial genetic structure of PST in France. We will also

consider the agronomic relevance of our findings.

Temperature · host or pathogen genotype interactions

The climate chamber experiments revealed optimal infec-

tivity and spore germination at intermediate temperatures,

a pattern typical of PST and other rust species (de Vallavi-

eille-Pope et al. 1995). However, the shape of these curves

varied with host and pathogen identity, resulting in geno-

type · temperature interactions. First, the PST ori-

gin · temperature interaction was caused by higher

infectivity of northern isolates at lower temperatures and

higher infectivity of southern isolates at higher tempera-

ture. A high-temperature advantage of southern isolates

was also observed for germination, and additional
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Figure 5 (A) Mean predicted cumulated growth differences between competing southern and northern isolates in the southern and northern

location. Means and standard errors calculated over competing pairs of isolates, years and host cultivars. (B) Relationship between predicted

growth differences and the observed final frequency of southern isolates in the field experiment. Open symbols denote the field location in the

south of France and filled symbols the location in the north. Different symbols refer to the four different pairs of competing isolates, pooled over

the two host cultivars and field seasons. The two regression lines illustrate the relationship in the southern location (dotted line) and in the north-

ern location (solid line).
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experiments revealed shorter latency and higher spore pro-

duction of southern isolates (Figure S6), indicating a gen-

erally higher fitness at high temperature. Positive genetic

correlations between these traits suggest that directional

selection can act on them simultaneously, allowing fast

and efficient adaptation to a high-temperature regime.

Genetic variation in germination and aggressiveness at

high temperature is also known for PST isolates from

other countries (Elahinia 2000; Milus et al. 2006).

Second, there was a 5-degree difference in the infection

optima between the bread wheat (Victo) and durum wheat

(Acalou) cultivar. This is a clear demonstration of a G · E

interaction quantitatively affecting susceptibility to infec-

tion in wheat. While air temperature was controlled in

these experiments, leaf surface temperature is the relevant

parameter for infection success. Surface temperature is

modulated by leaf colour and orientation or stomata reac-

tivity (Claus et al. 1995), and these traits may differ

between cultivars, thereby producing the observed G · E

interaction, in addition to cultivar-specific thermal

responses of metabolism or pathogen defences.

Local adaptation

High temperature strongly limits PST infection success and

epidemic spread. We had, therefore, hypothesised that the

geographic distribution of PST isolates in France reflects

adaptation to different temperature regimes, namely the

higher temperatures in the southern Mediterranean region.

This is consistent with the superiority of southern isolates at

high temperature in the laboratory experiments, and

together with the higher performance of northern isolates at

lower temperatures, these results suggest a pattern of temper-

ature-dependent local adaptation. Unlike in a study on tem-

perature and local adaptation in a natural plant–pathogen

system (Laine 2008), this temperature specificity varied little

with host cultivar or species identity. This shows that maxi-

mal complexity, that is strong Host · Parasite · Environ-

ment interactions, is not necessarily the rule in host–parasite

systems (Vale et al. 2008; Vale and Little 2009).

While the laboratory results indicate local adaptation,

the field data are less conclusive. Southern isolates were

overall more competitive than northern isolates both in

the northern and southern field location. Thus, one crite-

rion of local adaptation, the ‘resident-versus-foreign

advantage’ (Gandon and Van Zandt 1998; Kawecki and

Ebert 2004), is not met for both locations.

Nonetheless, there were other signatures of local adapta-

tion. First, the advantage of southern isolates was signifi-

cantly more pronounced in the southern location. This

fulfils the ‘home-versus-away advantage’ criterion of local

adaptation (Gandon and Van Zandt 1998; Kawecki and

Ebert 2004), with both southern and northern isolates

being relatively more successful in their respective local

‘home’ location than in the foreign ‘away’ location

(Fig. 3). Second, observed competitive outcomes were pos-

itively correlated with outcomes predicted from combined

climate chamber and meteorological data. Predicted com-

petitive ability of southern isolates was also higher in the

southern location, as was observed in the experiment.

These correlations indicate that the temperature trade-off

found under controlled conditions is meaningful and has a

significant influence on competition outcomes in the field.

The field experiment investigated competition during

spring–summer epidemics, and perhaps, a full pattern of

local adaptation would emerge over the entire season.

Predicted values suggest a ‘resident’ advantage of north-

ern isolates in the north in early spring and autumn,

because of the lower infectivity of southern isolates at low

temperature (see also Figure S9). Furthermore, PST sur-

vives the winter as dormant mycelium in leaves of volun-

teers and autumn-sown wheat, and it is known that cold

winter periods can decrease the occurrence of PST (Hov-

møller 2001; Gladders et al. 2007). Thus, it would be

interesting to compare northern and southern isolates for

their survival at below-zero temperatures, frequent in the

northern winter.

Finally, it is possible that the performance of northern

isolates was influenced by the carriage of costly virulence

genes (Van der Plank 1968). Virulence genes confer non-

recognition by the host defence, but may come at the cost

of reduced pathogen development. Indeed, Thrall and

Burdon (2003) observed a trade-off between the number

of virulence genes and spore production in the rust path-

ogen Melampsora lini, and in PST, already one additional

virulence gene can reduce competitive ability of PST

strains (Bahri et al. 2009a). Here, northern isolates carried

2–4 more virulences than their southern counterparts

(Table S1), and this may have lowered their overall com-

petitive success. However, virulence costs alone may not

explain the observed temperature specificity: while costs

for northern isolates may be reinforced under suboptimal

conditions at high temperature (see Quance and Travisa-

no 2009, Brown et al. 2006 for examples of condition-

dependent costs in other organisms), it is less conceivable

that additional virulence genes would become beneficial

at lower temperatures. Clearly, to assess the precise con-

tribution of virulence costs to patterns of temperature

adaptation, it would be necessary to recombine these vir-

ulence genes into identical genetic backgrounds, a difficult

task with this predominantly clonal pathogen.

A geographic mosaic of local adaptation?

A central point of our study is that the rare occurrence of

northern pathotypes in the south can be explained by the
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competitive superiority of southern isolates in that region.

As discussed earlier, this result likely reflects temperature-

specific adaptation to the warmer southern climate,

although a general fitness advantage on susceptible culti-

vars cannot be ruled out when considering our field data.

Conversely, a selective advantage of northern isolates in

the north may not be exclusively driven by differential

temperature adaptation. In fact, the absence of southern

isolates in the north can be explained by the geographic

structure of host resistance genes, because of regional use

of cultivars. While the northern PST population harbours

the virulences necessary to overcome the Yr resistances in

the most commonly used cultivars in the north (and in the

south), the southern isolates are lacking these virulences.

Altogether, our results suggest a geographic mosaic of

local adaptation in this system, with ecological factors

(temperature) and genetic factors (resistance/virulence

structure) playing different roles in different regions, a

scenario explored by recent theoretical work (Nuismer

and Gandon 2008). These results also partly resemble pat-

terns in a natural system (Barrett et al. 2008). Two lin-

eages of M. lini, a rust pathogen of wild flax (Linum

marginale), are confined to inland and coastal habitats,

respectively. The coastal lineage, showing a resident

advantage in the cooler coastal habitat, has the genes nec-

essary to infect plants in the inland habitat, but is lacking

adaptation to the higher inland temperatures. Thus,

unlike in our case, adaptation to ecological factors seems

to be the main driver of the maintenance of genetic poly-

morphism in both regions.

Implications for disease management

Predicting climate impact on the geographic range of

pests and pathogens is a major challenge for fundamental

and applied research (Harvell et al. 2002; Lafferty 2009).

Our experiments confirm correlational studies and theo-

retical work, identifying temperature as an important

determinant of PST epidemics (Rapilly 1979; Hau and de

Vallavieille-Pope 2006). Moreover, we have demonstrated

a direct link between temperature, infectivity and compet-

itive success, and it was even possible to predict the rela-

tive success of individual PST isolates under variable

environmental field conditions. This suggests that already

simple and rapid experimental tests (germination rates)

and baseline information on climatic parameters may

help to generate forecasting models for different produc-

tion areas.

Our study also points to the limits of forecasting efforts

if the capacity of pathogens to adapt to the environment

is ignored. For PST, temperature-specific adaptation may

not only explain the regional persistence of the Mediter-

ranean population but also likely influence the spread

into new habitats. Indeed, the last decade has seen the

worldwide expansion of two PST strains that are very

aggressive at high temperatures (Hovmøller et al. 2008;

Milus et al. 2009). These strains have caused damaging

epidemics in regions usually considered too hot for PST

(Boshoff et al. 2002; Wellings et al. 2003; Yahyaoui et al.

2004; Milus et al. 2006).

The observed genotype · environment interactions

have practical implications for resistance management.

For adequate characterisation of resistance and disease

phenology, it is advisable to test isolates or cultivars

under different environmental conditions. We found a

substantial difference between the two host cultivars for

the temperatures at which they exhibit maximum suscep-

tibility. Such differences can guide plant breeders to

design new cultivars for particular climatic regions. For

example, resistance genes may be crossed into genetic

backgrounds that are already more resistant under the cli-

matic conditions in the region of interest. Thus, the

spread of the high-temperature-adapted PST strains may

be countered by a double-protection strategy, recombin-

ing specific resistance genes with unspecific resistance

genes, activated at high temperature (Uauy et al. 2005).

This unspecific resistance, also observed in our study at

25�C, is a very efficient defence and a potential source of

durable resistance (Qayoum and Line 1985; Milus and

Line 1986).

Conclusions

In line with findings in natural systems (Wolinska and

King 2009), we observed substantial pathogen and host

G · E interactions for infection success. The G · E inter-

actions in the pathogen illustrate how natural selection

may shape evolutionary trajectories over the geographic

range of the interacting species (Thompson 2006). In par-

ticular, our results highlight the importance of disentan-

gling the relative contributions of environmental and

genetic factors to the coevolutionary process (Nuismer

and Gandon 2008). In our case, adaptation of PST seems

to have a strong environmental component, contributing

to the spatial structure of genetic diversity in this patho-

gen. The same conceptual framework may help to under-

stand the determinants of the geographic range of

pathogens and also guide strategies of resistance manage-

ment, be it through forecasting models or through cli-

mate-specific plant breeding efforts.
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Figure S1. Relationship between infectivity in the main experiment

and in the additional experiment, shown for individual PST isolates at

10 and 20�C.

Figure S2. Mean difference (±SE) in infectivity between Southern

and Northern isolates in the additional experiment, shown for two

temperatures (10 and 20�C).
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Figure S3. Mean difference (±SE) in infectivity between Southern

and Northern isolates in the additional experiment, shown for two

temperatures (10 and 20�C) and for different durum wheat and bread

wheat cultivars.

Figure S4. Relationship between germination rates in the main

experiment and in the additional experiment, shown for individual

PST isolates at 10 and 20�C.

Figure S5. Mean (±SE) difference in germination rate between South-

ern and Northern isolates at 10 and 20�C, as measured in the main exper-

iment (dark grey circles) and additional experiment (light grey circles).

Figure S6. Time to sporulation (latency time) and spore production

of Northern and Southern PST isolates, on the Victo host cultivar.

Figure S7. Correlation between mean proportion of vir8 isolates in

initial vir8/Avir8 spore mixture and estimated vir8 frequency, as mea-

sured on the cultivar Compare (Yr8).

Figure S8. Infectivity curves of the eight isolates used in field com-

petitions, fitted to the observed values (A: Acalou cultivar, B: Victo cul-

tivar), using a beta function.

Figure S9. Time course of predicted daily differences in infectivity

(black lines) between competing Southern and Northern isolates in the

field experiment in each year (2005, 2006) and location (North,

South), as illustrated for one selected pair of isolates in each panel.

Table S1. Characteristics of 17 isolates of Puccinia striiformis f.sp.

tritici used in this study.

Table S2. Analysis of covariance of infectivity in the additional rep-

licate experiment, testing effects of pathogen isolate, temperature (10

vs 20�C) and infectivity in the main experiment (covariate); all other

interactions (P > 0.8) removed from model.

Table S3. Analysis of variance of infectivity, testing effects of tem-

perature (10 vs 20�C), pathogen origin (North versus South), identity

of pathogen isolate and replicate experiment.

Table S4. Analyses of variance of infectivity in additional replicate

experiments, testing effects of pathogen origin (North versus South),

identity of pathogen isolate and host cultivar, at two incubation tem-

peratures (10, 20�C).

Table S5. ancova of germination rate in additional replicate exper-

iments, as a function of pathogen isolate, temperature (10 vs 20�C)

and germination rate in main experiments (=covariate).
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