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Abstract

Biotrophic fungal pathogens are expected to have adapted to their host plants
for phenological synchrony, to optimize the possibility of contacts leading to
infections. We investigated the patterns and causes of variation in phenolog-
ical synchrony in the oak-powdery mildew pathosystem, a major disease in
natural ecosystems. The study was carried out along an altitudinal gradient,
representing a wide temperature range, in mature oak stands. Both sporula-
tion (pathogen infective stage) and oak flushing (host susceptible stage) were
delayed with increasing elevation, but with a significantly different sensitivity
for the two species. This resulted in a variable host-pathogen synchrony along
the gradient. A common garden experiment did not give evidence of among-
population genetic differentiation (past adaptation) for fungal phenology. This
could be explained by the high phenotypic variation in phenology within host
populations, precluding selection on fungal phenology at the population scale,
but possibly favouring adaptation at the within-population scale. Phenotypic
plasticity was the major cause of the observed variation in the phenology of

the fungal populations.

Introduction

Plants are constantly challenged by other organisms.
Their ability to convert inorganic molecules into a
carbohydrate source of energy makes them an attractive
target to parasitic species, especially fungi. In their long-
lasting and complex dialogue, plants and parasites have
evolved mechanisms which determine the outcome of
their interaction. To explain parasite success on a
potential host, Combes (2001) proposed a conceptual
framework based on two ‘filters’: the encounter filter and
the compatibility filter. The encounter filter determines
whether and to what extent the parasite can find the
host. This may include overlap between geographical
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distributions of host and parasite (at different spatial
scales), temporal match or behaviours. The compatibility
filter determines infection and reproduction success of
the parasite once it makes contact with the host. This
includes molecules produced by either parasite or host
linked to pathogenicity/virulence or defense/resistance.
Selective pressure is on both parasites and hosts to open
or close the filters, affecting their behaviour to chase or
avoid each other and their constitutive and inducible
molecules to attack or resist each other. The opening of
filters is not only determined by host and parasite
genotypes but also by environmental factors. The two
filters also do no act independently: high encounter rates
can produce selection for host resistance (Ovaskainen &
Laine, 2006). The degree of opening of both filters
eventually determines the occurrence and extent of
parasitic exploitation. In this view, the encounter and
compatibility filters explain the range of species that
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parasites are able to exploit but also differences in
parasite performance in different host populations or
subpopulations.

Research on plant-fungal pathogen interactions and
their evolutionary dynamics has mainly focused on the
so-called compatibility filter, i.e. pathogenicity/virulence
and defense/resistance traits. The understanding of the
molecular dialogue between plants and their pathogens
has greatly improved in recent years (see Jones & Dangl,
2006; Bent & Mackey, 2007; Egan & Talbot, 2008 for
reviews). A substantial body of information, at gene and
population levels, supports the existence of reciprocal
selection processes where plant resistance and pathogen
virulence undergo continual adaptation in response to
each other (de Meaux & Mitchell-Olds, 2003; Meyers
et al., 2005; Tiffin & Moeller, 2006; Salvaudon et al.,
2008). In particular, local adaptation of parasites to their
host plants has been investigated in different systems and
shown to occur in most of them, as expected from
theoretical considerations (Gandon & Michalakis, 2002;
Greischar & Koskella, 2007). In these studies, the fitness
traits characterizing adaptation were mostly host exploi-
tation ability and resistance/defense, i.e. traits related to
host—pathogen physiological compatibility, both in the-
oretical (Kaltz & Shykoff, 1998) and in experimental
approaches, especially by wusing cross-inoculations
(Greischar & Koskella, 2007; Sicard et al., 2007).

Comparatively little has been described related to the
encounter filter in plant-pathogen interactions. Burdon
(1987) defined disease avoidance as a set of mechanisms
under the genetic control of the host which minimize
contact with the pathogen. These mechanisms have been
neglected in plant breeding but may play an important role
in natural populations where they would be selectively
favoured by pathogen pressure (Burdon, 1987). Such
mechanisms have been well studied in the model patho-
system Silene latifolia—Microbotryum violaceum, the anther-
smut disease, where flower phenology and morphology
were shown to be important traits explaining variation in
disease through the probability of pathogen contact (e.g. in
Alexander et al., 1993; Elmgqvist et al., 1993; Thrall &
Jarosz, 1994; Biere & Antonovics, 1996; Biere & Honders,
1996; Shykoff et al.,, 1997). In particular, sexual dimor-
phism related to flowering behaviour could explain sex-
biaised infection rates in Silene latifolia (Thrall & Jarosz,
1994; Biere & Antonovics, 1996; Biere & Honders, 1996;
Kaltz & Shykotf, 2001). Variation in infection linked to
synchrony between host-plant phenology and pathogen
activity has been reported for some other diseases, such as
pine twisting rust (Desprez-Loustau & Dupuis, 1994),
mummy berry disease of blueberry (Penman & Annis,
2005) or sudden oak death (Dodd et al., 2008). From the
fungus side, the encounter filter may not be critical for
many species that are able to sustain saprotrophic growth
in the absence of the host and/or to infect a broad host
range. Conversely, the encounter filter is expected to be
crucial for obligate biotroph pathogens, especially with

narrow host range, such as rust and powdery mildew
agents. For these pathogens, the encounter filter can
include a temporal component when susceptible stages of
the host occur only during a limited period of time. This is
typically the case when susceptible organs are young
leaves or shoots in temperate regions with a strong
seasonality of growth. Plant pathogens are then expected
to synchronize their phenology with that of their host to
maximize their fitness. Little attention has been paid to the
selection pressure exerted by plant phenology on patho-
genic fungi (but see Lehman & Oudemans, 1997). Con-
versely, this has been investigated in several tree—insect
interactions, where local phenological adaptation of insect
herbivores to their host trees has been demonstrated (Van
Ash & Visser, 2007).

A better understanding of the ecological and evolu-
tionary forces underlying host-pathogen phenological
synchrony is of particular interest in the context of
ongoing climate change, especially climate warming.
Temperature has been shown to be a major driving factor
for plant phenology (Cannell & Smith, 1983; Hanninen,
1995; Chuine & Cour, 1999) and is also likely to be
important for fungal phenology (Desprez-Loustau et al.,
1998; Scherm et al., 2001; Rossi et al., 2008). However,
responses are likely to differ among species, which will
affect phenological match between associated species
(Memmott et al., 2007). Indeed, synchrony does not
necessarily imply that the same mechanisms related to
the use of environmental cues are used by plants and
their associated organisms (Van Ash & Visser, 2007). For
example, the recent change in temperature patterns has
been considered as the main reason for the increased
mis-timing in the winter moth-oak system (Visser &
Holleman, 2001). More generally, disentangling plastic
from evolutionary responses of populations for coping
with environmental changes is an important current
scientific issue (Gienapp et al., 2008).

Altitudinal gradients, with sharp variations in envi-
ronmental factors (especially temperature) provide a
good opportunity to study the effect of differential
long-term selection regimes in promoting population
differentiation for adaptive traits, such as phenology. In
the case of plant-pathogen systems, pathogen popula-
tions will evolve on highly spatially heterogeneous hosts
for phenology along the gradient. Do patterns of local
phenological adaptation of pathogen populations, such as
those hypothesized and observed for the compatibility
filter, occur for the encounter filter? If so, which among
the different adaptive processes hypothesized by Gandon
& Van Zandt (1998) can be observed: plastic behaviour,
generalist or specialist strategy of parasite adaptation to
the host phenology?

We explore these questions in this study, focusing on
oak powdery mildew, caused by the Ascomycete fungus
Erysiphe alphitoides. This major disease of oaks in Europe
(Butin, 1995) presents characteristics in the strategy and
life cycle of the pathogen and in the host-pathogen
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interaction suggesting the importance of the encounter

filter, which is also supported by field observations (M.-L.

Desprez-Loustau & A. Dugravot, unpublished results).

Our objective was to investigate the patterns and causes

of variation in host-parasite phenological synchrony

along a transect in the Pyrenees mountains. The follow-
ing specific questions were addressed:

(1) What is the extent of phenotypic variation in spring

phenology (timing of infective stage) between pow-

dery mildew populations, and does it match that of
oak (timing of susceptible stage) along the altitudinal
gradient (phenological synchrony)?

Can the observed patterns of phenotypic variation

between populations of the pathogen be explained

by genetic ditferentiation or/and by environmental
factors?

(3) Does the level of host-pathogen synchrony, deter-
mining the encounter rate, actually result in higher
infection, therefore potentially affect host and path-
ogen fitness?

N

Materials and methods

Study system

Erysiphe alphitoides in an obligate biotroph parasite on
oaks, mainly Quercus robur and Q. petraea in Europe. The
fungus develops its mycelium on the surface of leaves
and differentiates infection structures in the epidermal
cells of the susceptible hosts. Haustoria serve as absorp-
tive organs from which the fungus derives host metab-
olites for its own nutrition. Infection results in the
production of huge numbers of conidiospores at the leatf
surface, leading to the white covering typical of powdery
mildews. All stages of the host, from seedlings to mature
trees can be infected. However, oaks exhibit ontogenic
resistance toward powdery mildew resulting in a narrow
susceptibility window of leaves: only young expanding
leaves are receptive to the disease (Edwards & Ayres,
1982). The fungus is also affected by seasonality. During
winter, in the absence of available host tissues, powdery
mildews can perennate either as mycelium in buds
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infected in the previous season, or by forming chasmo-
thecia, the sexual fruiting bodies produced in late
summer on infected leaves. Primary inoculum in spring,
initiating the new epidemics, is then either constituted by
flag shoots, i.e. shoots arising from infected buds pro-
ducing high numbers of conidiospores, or by ascospores,
released by chasmothecia (Glawe, 2008). Flagshoots are
very rarely observed in oaks, at least in the study area
(personal observation). In addition, recent studies pro-
vided the first direct evidence of the role of ascospores in
initiating the life cycle of E. alphitoides in spring (Marcais
et al., 2009). We therefore assumed that ascospores were
the main primary inoculum.

Erysiphe alphitoides was described in 1911, as the causal
agent of the new epidemics affecting oaks in Europe, but
the origin of the species is still unclear (Mougou et al.,
2008). Recent studies using internal transcribed spacer
polymorphism of the ribosomal DNA demonstrated the
occurrence of several cryptic species, beside E. alphitoides,
causing oak powdery mildew symptoms (Mougou et al.,
2008). In this study, more than 95% of colonies obtained
from chasmothecia from all sites and years were identi-
fied as E. alphitoides (unpublished results). Genetic
markers for within-species population studies are cur-
rently under development but are not yet available
(unpublished results).

Study area and sites

The study was conducted along an altitudinal gradient
from 130 to 1630 m above seal level (asl) in the Pyrenees
mountains (southern France, latitude from 42°47’N to
43°45'N; longitude from 00°25'W to 00°01’E). This
region is characterized by a temperate oceanic climate,
with a mean annual temperature of 12 °C and mean
annual precipitation of 1079 mm (1946-2001) at low
elevation (Tarbes, 43°11’N, 00°00'W, 360 m asl, Météo
France). We selected five natural mature stands domi-
nated by sessile oak at different elevations: 131, 427, 803,
1235 and 1630 m, on a South-facing slope (Table 1).
Stands were located several kilometres apart from each
other with no continuous oak forest cover between

Table 1 Main features of oak population sites in the Pyrénées and of common garden (Villenave d’Ornon).

) T2 (°0)
Altitude dbh -
Site (m) Latitude Longitude Aspect (m) 2006 2007
In situ
Laveyron 131 43°45'N 00°13'W Flat 1.65 13.5 12.6
Adé 427 43°08'N 00°00'W South 1.41 13.1 12.0
Cheze 803 42°55'N 00°02'W South 0.63 11.9 10.7
Gedre 1235 42°47'N 00°01'E South 1.37 10.7 9.5
Péguere 1630 42°52'N 00°07'W South 0.67 8.6 7.4
Common garden
Villenave d’Ornon 22 44°46'N 00°33'W Flat - 141 13.5

T, corresponds to the mean annual temperature, dbh to the mean diameter at breast height of the population.
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them; they were therefore assumed to represent distinct
populations with no massive gene flow between them.
The altitudinal gradient provided a temperature range
around 5 °C.

Fungus phenology monitoring

Phenological observations were focused on ascospore
release in spring, using oak seedlings as specific spore
traps. Trap seedlings were produced in the greenhouse,
where sulphur burners were used to prevent powdery
mildew contaminations. As oak susceptibility to powdery
mildew is highly dependent on ontogenic stage (Edwards
& Ayres, 1982), acorns of Q. robur were sown every
10 days during the whole season and trap seedlings were
carefully selected among the greenhouse grown material
according to their phenological stage. Only seedlings
highly receptive to powdery mildew, i.e. with young and
nonfully developed leaves, were used as traps. Seedlings
were sprayed with water until dripping to remove
sulphur before use. A set of 13 trap-seedlings (represent-
ing a target surface area of approximately 200 cm?) was
brought to each of the five stands along the altitudinal
gradient every 10 days from early April to the end of
June, in 2006 and 2007, to allow them to be exposed to
natural inoculum. The thirteen seedlings were put in a
tray and hung in a tree within the stand. For practical
reasons, only one lot per altitude could be used at each
date. We assumed that this single spore trap gave an
estimate of the local inoculum in the oak stand since
Roslin et al. (2007) demonstrated highly efficient dis-
persal of E. alphitoides over several hundred metres. After
the 10 days exposure, the lot was taken back to the
laboratory and replaced by another healthy trap lot.
Seedlings which had been exposed to natural inoculum
and taken back from the field were incubated in a growth
chamber (18/22 °C, 8/16 h night-day photoperiod)
during 10 days to reveal spore-derived infections. At
the end of the incubation period, the overall number of
powdery mildew colonies, visible as white spots, was
scored on the 13 seedlings. This number was related to
the medium date of the exposure period to express the
time course of phenology.

To discriminate environmental from genetic determi-
nants of phenology in oak powdery mildew populations
along the altitudinal gradient, chasmothecia phenology
was also studied under ‘common garden’ conditions. In
late September 2005 and 2006, each powdery mildew
population corresponding to each of the five oak stands
was sampled by collecting strongly infected leaves from
four to five oak trees scattered in the stand. These
infected leaves were examined for the presence of
chasmothecia under a binocular microscope in the
laboratory. Leaves exhibiting a large number of chasmo-
thecia were put in nylon mesh bags with an opening
size of 50 um, allowing water to pass freely but
preventing chasmothecia to be lost. One bag with

approximately 250 leaves was prepared for each collec-
tion site. All bags were placed on 0.80 m high horizontal
wire mesh frames installed outdoors at the research
station, Villenave d’Ornon, for overwintering (Table 1).
Chasmothecia phenology was monitored in spring 2006
and 2007 by using trap oak seedlings as explained
before. To prevent contaminations from local oak
mildew inoculum (and other sources placed at the same
site) while allowing chasmothecia to be exposed to
ambient temperature and rain, wire-mesh frames were
isolated in cages made of nonwoven fabric (Fiberweb
agryl P30) in late March of each year. Each cage
contained one bag of chasmothecia bearing leaves from
one site. From the beginning of April to the end of June,
trap seedlings were exposed to the chasmothecia in the
cages for periods of 10 days, with 12 seedlings per
exposure period and cage, incubated and scored as
previously described. Control seedlings put in cages
without chasmothecia and incubated as others were
very little infected. This provided strong although
indirect evidence that most infections observed in
seedlings exposed to chasmothecia were ascospore
derived and not the result of contaminations.

Oak phenology monitoring

In each population, spring budburst was monitored on
20-34 mature individuals of comparable height assumed
to be a representative sample of the population variation
for phenology. Each site was visited every 10 days from
15 March to 31 May to record flushing dates events on all
selected individuals in 2006 and 2007. Observations were
made using binoculars (magnifying power: 10x), always
by the same observer, approximately at 15 m distance
from the tree. The development stage was recorded from
bud dormancy to leaf unfolding, using a 5-stage scale (see
a full description of the method in Vitasse et al., 2009a),
and the percentage of buds that were at the unfolding
stage (i.e. with at least one of their leaves fully unfolded)
was visually evaluated. The flushing date of a tree was
determined when 50% of the buds had reached the
unfolding stage. This date was estimated, for each
selected tree, by linear regression between two measure-
ment campaigns.

Oak infection

In each site, oak infection was assessed in late June 2007.
Eight to 12 trees per site were chosen to represent a wide
range of phenological variation. Infection for each tree
was assessed as follows. Four branches in each of the four
cardinal directions were cut from the crown at 4-8 m
high, using a pole pruner. Only first flush shoots were
present in all trees. From each branch, two current-year
shoots were taken and the leaves in second and fifth
position on each shoot were scored for the percentage of
leaf area infected by oak powdery mildew. The infection
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of each tree was considered as the mean of infection on
the 16 leaves.

Data analysis

Oak—fungus synchrony was studied at the population level
in both years. To estimate the receptive period of oaks to
powdery mildew in each of the five populations, we
considered that the beginning of the receptive period was
given by the mean flushing date of the 25% earliest trees,
i.e. in the first quartile. The end was calculated by adding
15 days to the flushing date of the 25% latest trees, i.e. in
the last quartile. A value of 15 days was taken to account
for the time when leaves remain receptive to powdery
mildew after unfolding (Edwards & Ayres 1982; M.-L.
Desprez-Loustau & X. Capdevielle, personal observations);
we assumed that the development of leaves had similar
rates among altitudes because it took place at rather similar
temperatures occurring at delayed dates with elevation
(Vitasse et al., 2009a). Anyhow, the end of the receptive
period of the first flush is of limited importance for
synchrony with powdery mildew as several flushes occur
during the season.

The beginning of the period of spore (presumably
ascospore) production was determined as the day of year
when the first 10 spores were estimated to be trapped,
based on log interpolation using observations of colonies
on the trap seedlings, for each stand and year (see below,
Fig. 1). As contaminations of trap seedlings by various
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Fig. 1 Spring phenology of oak powdery mildew along the altitu-
dinal gradient, monitored as primary infections on trap seedlings.

© 2009 THE AUTHORS. J. EVOL. BIOL. 23 (2010) 87-97

Pathogen-host plant phenological synchrony 91

sources of inoculum cannot be totally ruled out, we
tested other indicators presumably less affected by con-
taminations (e.g. 50 or 100 spores, based on later
trapping). All indicators (calculated by linear or log-
linear regressions, in absolute or relative values of spore
counts) were highly correlated and resulted in parallel
curves for their relationship with altitude. Therefore, the
estimated threshold of 10 spores was retained.

Statistical analyses were performed with sas 9.1 soft-
ware (SAS Institute, Cary, NC, USA). The homogeneity of
slopes in regressions between phenology and altitude for
oak and fungus species was tested by performing a
covariance analysis with altitude as the covariate and
species the categorical variable (GLM procedure).

Results

Altitudinal trends in powdery mildew and oak
phenology, and host—pathogen synchrony

A similar altitudinal trend in powdery mildew phenology
was observed in both years, with spore detection (as
derived infections) starting and peaking earlier at lower
altitudes (Fig. 1). Spores were first detected in mid-April
at low altitudes but not until early May at the highest
altitude. The amplitude of phenological variation across
the gradient was approximately 20 days at all dates
during the increasing phase of infection progress curve in
2006. The amplitude was slightly smaller at early stages
and greater at later stages in 2007. Little difference in the
temporal dynamics of infection was observed between
the 2 years at each site.

An altitudinal trend was also clearly observed on oak
flushing dates: populations at high elevations flushed at
later dates than low elevation populations, in both years
(Table 2). Oak populations showed large amplitude in
flushing date between the lowest and highest popula-
tions: approximately 40 days on average between the
lowest and highest populations and 60 days between the
earliest and the latest individuals in both years (Table 2).
The greatest within-population variation was observed at
the lowest elevations, with a maximum amplitude of
about 1 month for population located at 400 m (Table 2).
Flushing occurred a few days later in 2007 than in 2006
at all elevations.

Although both powdery mildew and oak responded
with a delayed phenology to increasing altitude, their
responses significantly differed in their amplitude, as
shown by the highly significant interaction between
species and altitude in the covariance analysis (Table 3).
While the onset of leaf flushing was delayed by 3.1 days
for every 100 m increase in elevation, the slope was
much lower (0.9 days per 100 m on average) for the
beginning of sporulation in the 2 years. This resulted in
differences in host—parasite synchrony along the gradient
(Fig. 2). At low altitudes, earliest trees flushed at a time
when no or few spores could be detected with the trap
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Table 2 Flushing dates (in day of year) of oak trees recorded in each site in 2006 and 2007.

2006 2007
Site Altitude FDrmin FDmax FDmean CVv FDrmin FDmax FDmean CVv n
Laveyron 131 91.3 111.3 98.7 7.0 87.4 116.5 100.6 8.2 20
Adé 427 89.8 120.3 103.5 10.8 95.0 119.2 118.1 7.8 34
Cheze 803 105.3 125.0 114.9 4.9 116.4 131.0 121.7 3.4 23
Gedre 1235 120.6 133.4 124.4 2.9 119.2 139.0 128.5 3.2 27
Péguére 1630 130.5 146.1 139.3 4.1 136.4 1481 142.6 3.4 24

FDnin, the earliest flushing date recorded; FD ., the latest flushing date recorded; FD,yc.n, the mean of the flushing dates for the whole
population; CV, coefficient of variation (%); #n, number of individuals monitored in the population.

Table 3 Analysis of covariance with spring phenology (expressed
in DOY) as the dependent variable and altitude (covariate), year,
species (oak vs. fungus) and interactions as explaining variables.

Source of Sum of

variation d.f. squares F P

Altitude 1 2299.7 179.3 < 0.0001

Year 1 25.5 2.0 0.18

Species 1 548.5 42.8 < 0.0001
(oak vs. fungus)

Species x year 1 19.1 1.5 0.24

Species x altitude 1 757.7 43.9 < 0.0001

Error 14 179.6

For oaks, the phenological variable was the mean date of leaf
unfolding for the 25% earliest trees. For the powdery mildew
fungus, the phenological variable was the date when the first
10 spores were trapped.

seedlings. Conversely, at high altitudes, spores were
trapped several days before the earliest trees flushed.
Finally, the best phenological match was observed at
intermediate altitudes where spores started to be dissem-
inated at the time when oaks started to flush.

Phenology of oak powdery mildew populations
in a common garden

The five populations of powdery mildew collected at
different elevations in the Pyrenees exhibited very similar
curves of ascospore release after overwintering under
common garden conditions in Villenave d’Ornon (Fig. 3).
First spores were trapped in mid-April; a peak was observed
1 month later, followed by a decreasing phase, corre-
sponding to exhaustion of ascospores in chasmothecia.
When comparing phenology of primary infections
between in situ and common garden conditions, the
ascending phases almost perfectly coincided for popula-
tions from low altitude Pyrenean sites. Conversely,
phenology was slightly or strongly delayed for popula-
tions from intermediate and high altitudes respectively
(Fig. 4). It has to be noted that no exhaustion of
inoculum was observed under natural conditions (see
also Fig. 1), contrary to observations in the cages. In oak
stands, conidia produced by primary infections can

Day of year
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—&— First spores —4— Beginning susceptibility

—O— Peak spore release —=— End susceptibility

Fig. 2 Phenological synchrony between oaks and Erysiphe alphitoides
populations along the altitudinal gradient : the grey area is the
receptive period of trees (lower and higher curves = date of
occurrence of first susceptible stages in earliest trees and date of
occurrence of end of susceptible stages in latest trees respectively);
the hatched area is the period of sporulation by the fungus (lower
and higher curves = estimated date of occurrence of first spores and
date of occurrence of the peak of spore emissions respectively).

initiate secondary cycles of infection after the period of
ascospore release whereas inoculum in cages is restricted
to that produced from chasmothecia.

Oak infection and relationship with phenology

Very low infection severity (< 10% of leaf area infected,
on average) was observed for trees located at the lowest
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Fig. 3 Spring phenology of oak powdery mildew populations
collected along the altitudinal gradient and overwintered in a
common garden, monitored as primary infections obtained from
chasmothecia on trap seedlings.

and highest elevations, contrary to intermediate eleva-
tions (20-30%) (Table 4; F444 = 5.56, P = 0.001).

No general trend between oak phenology and infection
was observed along the gradient (Table 4). At the lowest
altitude, the five earliest trees (flushing date < 101)
showed almost no infection (< 1%), whereas later
flushing trees showed 4-10% leaf area infected, the
highest value being observed for the last flushing tree.
The same trend of more severe infections in late-flushing
trees was observed at 400 and 1200 m elevation. Con-
versely, no relationship was observed at 800 and 1600 m
(Table 4).

Discussion

The powdery mildew—oak interaction offers an interest-
ing model where co-adaptations for encounter/avoid-
ance are expected to occur and to be affected by
environmental changes. Although sessile oak has a large
distribution range and oak powdery mildew is a major
forest disease in Europe, also present in America and
Asia, the biology and genetics of this pathosystem are still
poorly known.

A striking result of our study was the differential
response of oak and fungus populations to environmen-
tal variation (especially temperature) along the altitudi-
nal gradient in their respective and interacting life stages.
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Whereas oak leaf phenology was strongly delayed at high
altitudes, a relatively low sensitivity of E. alphitoides
phenology to altitude was observed in the 2 years of our
experiment. The slight cline observed is of the same order
of magnitude as that found in a latitudinal gradient
between Bordeaux and Nancy (Margais et al., 2009),
when expressed in days of delay per °C decrease,
considering annual temperatures (approximately
3 days/°C). The differential response between the two
species resulted in large variation in the phenological
match between host and pathogen along the elevation
gradient. Using Combes’ framework, it can be said that
the encounter filter was most widely open at interme-
diate elevations. Conversely, a significant proportion of
trees (the earliest) avoided infections at lower altitudes
and a significant proportion of spores could not find
susceptible tissues at high altitude.

A second important finding was the lack of evidence
from the common garden experiment for genetic differ-
ences explaining the phenotypic variation in fungus
phenology among populations.

Thus, contrary to expectations, our results suggest a
low level of adaptation of oak powdery mildew popula-
tions to their host for the encounter filter. A closer
examination of phenotypic patterns and possible selec-
tive forces at work might explain these observations.

From the fungus side, only the population level could
be considered. In agreement with Margais et al. (2009),
our investigation showed that environmental factors
explained the largest part of variation in powdery mildew
phenology across the Pyrenean transect. The date of
primary infections was dependent on the site of over-
wintering but not on the origin of chasmothecia (Figs 1,
3 and 4). In particular, chasmothecia originating from
high altitudes showed substantial changes in their phe-
nology when transferred to low altitude, resulting in
roughly the same dynamics of ascospore production as
low altitude populations. Conversely, phenology of
populations from low altitudes in the Pyrenean gradient
was very similar iz situ and in the common garden, which
can be explained by similar weather, especially temper-
ature, conditions (Table 1 and data not shown). Overall,
these results suggest that all or most phenotypic variation
in phenology was due to plasticity. Although few studies
explored this particular trait, high phenotypic plasticity is
considered as a general characteristic of fungi (Andrews,
1992). The genetic control of phenology in fungi has
received little attention so far. A notable exception is
Monilinia vaccinii-corymbosi, a pathogen of blueberry, for
which a differentiation between populations and a
significant heritability for the timing of apothecium
development were demonstrated (Lehman & Oudemans,
1997, 2000; Scherm et al., 2001). This may question the
lack of genetic differentiation for phenology among oak
powdery mildew populations we have found. A major
factor determining the extent of adaptive genetic differ-
entiation between populations is the balance between

JOURNAL COMPILATION © 2009 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



94 M.-L. DESPREZ-LOUSTAU ET AL.

100 100 o
P131 m-2006 P131 m-2007
801 80 -
60 60 -
40 40 -
20 20 -
0 ¢ 0 .- .
» 80 110 80 110 140 170
S 100+ 100 o
= P803 m-2006 P803 m-2007
g 801 80 -
£ 604 60
g 401 40 4
% 20 20
©
E 0 ot 0 — e
X 80 110 140 170 80 110 140 170
100 % ;
P1630 m-2006 100 151630 m-2007 A
80 80 - '
60 60 -
40 40
20 - 20 |
0 e == 0 e : :
80 110 140 170 80 110 140 170

Day of year

Day of year

--o--in common garden —e— in situ

Fig. 4 Comparative spring phenology of oak powdery mildew populations observed in situ (Pyrenean transect) and in the common garden.
Phenology was monitored by counting infections on trap seedlings, derived from natural inoculum in the Pyrénées, and from ascospore

released from chasmothecia in the common garden.

Table 4 Powdery mildew infection of oaks trees (percentage

of leaf area infected) and relationship between individual tree
phenology (expressed as number of days from 1 January to leaf
unfolding) and infection at the different altitudes.

Leaf area

Number of infected (%) Phenology
Elevation studied Mean infection
(m) trees (standard deviation) I'pearson (P)
131 10 3.1 (3.5) 0.87 (0.001)
427 11 28.5 (25.4) 0.53 (0.094)
803 8 26.8 (18.6) —-0.16 (0.70)
1235 9 19.3 (9.9 0.60 (0.089)
1630 6 6.6 (6.1) -0.21 (0.68)

migration and natural selection (Lenormand, 2002). A
likely hypothesis for the lack of genetic differentiation
between populations of oak powdery mildew could be an
insufficient selection pressure on fungus phenology to
counteract gene flow. The large variation in oak phenol-
ogy within stands would preclude consistent selection on
phenology in fungus populations. The actual range of
variation in oak phenology might be even larger than
that observed as only mature trees of Q. petraea were
taken into account in our sampling. Phenology of
juveniles in many canopy trees in temperate regions

predates that of mature trees (Augspurger & Bartlett,
2003). The receptive window for the powdery mildew
fungus will therefore remain large in each site. Finally,
phylogenetic constraints and conflicting selective forces
acting on the pathogen, including compatibility with the
host or resistance to fungal hyperparasites such as
Ampelomyces quisqualis (Kiss, 1998), might also explain
the apparent lack of genetic differentiation for phenology
at population level in oak powdery mildew.

From the tree side, genetic factors had previously been
shown to account for a significant part of the phenological
variation within and between populations of Q. petraea
(Ducousso et al., 1996; Jensen & Hansen, 2008; Vitasse
et al., 2009b) and the related species Q. robur (Scotti-
Saintagne et al., 2004). Our study demonstrated that oak
phenology could be a strong determinant of infection in
individual oak trees, therefore the possibility that para-
sitism acts as a selective force on tree phenology. This was
best observed at low altitudes, where earliest trees
avoided infections whereas late trees showed a signifi-
cantly higher percentage of leaf area infected (assumed to
be negatively correlated with fitness). Herbivory has also
been considered as an important selective force acting on
plant phenology (Fenner, 1998; Boege & Marquis, 2005).
Phenological variation among tree individuals within a
population was shown to be an effective mechanism for
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protecting trees against high foliage herbivory (Tikkanen
& Julkunen-Tiitto, 2003).

However, besides biotic selective forces, abiotic factors
are also thought of as a major determinant in tree
phenological adaptation. The timing of leafing can be
seen as the best local compromise between maximizing
the growing season and the avoidance of frost damage
(Kramer, 1995). The timing of flushing in temperate
trees, and more generally plant phenology, is thus
generally assumed to be the result of an adaptive strategy
in response to various biotic and abiotic selective pres-
sures (Rathcke & Lacey, 1985; Fenner, 1998). The
relative contribution of these selective forces may vary
with altitude. One may also suspect that the type of
selection may vary according to biotic or abiotic drivers
resulting in either directional, stabilizing or even disrup-
tive selection. At high elevations, strong directional
selection by freezing temperatures might be expected to
occur (Agrawal et al., 2004). Conversely, oak mildew
pressure might be lower than at lower altitudes, making
host—parasite synchrony less critical. Both host and
climatic factors (lower tree and foliage densities, shorter
growing season, lower temperatures) are a priori less
favourable to powdery mildew development than at
lower elevations (Glawe, 2008). This might explain the
low overall infection observed at 1600 m (Table 4)
although all trees flushed at a time when inoculum was
present in relatively large amounts (Figs 1 and 2).

In conclusion, our study demonstrated altitudinal
change in host and parasite phenology, with low popu-
lations both flushing and sporulating earlier than did
high populations. However, populations varied in their
host—parasite synchrony along the altitudinal gradient,
with low-elevation parasite populations being late and
high-elevation parasite populations early with respect to
host availability. In addition, we found that most phe-
notypic variation in parasite phenology was due to
phenotypic plasticity. A recent review by Gienapp et al.
(2008) pointed to the conclusion that plastic responses to
climate change could be more frequent than microevo-
lutionary adaptations, contrary to what was often
hypothesized. This does not preclude that there are
reciprocal adaptations in the oak-mildew pathosystem.
For the trees, the large variation in phenology within
populations can be viewed as the result of the diversity of
selective forces, among which the parasite could be
involved. In turn, the large variation in host phenology
encountered by the parasite might explain why no
adaptative differentiation could be observed at the scale
of each fungal population. For a number of phytopha-
gous insects, it has been shown that adaptive evolution
can occur at very fine spatial scales, e.g. at individual tree
level within a tree population (Du Merle, 1983). In these
interactions, phenology has been considered as a major
factor in adaptive deme formation (Mopper et al., 2000;
Van Ash & Visser, 2007). A recent investigation also
suggested local adaptation of oak mildew populations at
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the individual tree level for infectiveness, in spite of
apparently extensive efficient gene flow among local
mildew populations (Roslin et al.,, 2007). The oak—-pow-
dery mildew pathosystem therefore provides an interest-
ing model for further investigating the roles of plasticity
and adaptation at ditferent spatial and genetic scales and
taking into account both the encounter and compatibility
filters. Furthermore, the study could be expanded to a
three-level nested system, including the fungal parasites.
The phenology of powdery mildew fungi was suggested
to act as a selective force on their Ampelomyces mycopar-
asites (Szentivanyi et al., 2005).
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