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Summary

� The thermal performance curve is an ecological concept relating the phenotype of organ-

isms and temperature. It requires characterization of the leaf temperature for foliar fungal

pathogens. Epidemiologists, however, use air temperature to assess the impacts of tempera-

ture on such pathogens. Leaf temperature can differ greatly from air temperature, either in

controlled or field conditions. This leads to a misunderstanding of such impacts.
� Experiments were carried out in controlled conditions on adult wheat plants to characterize

the response of Mycosphaerella graminicola to a wide range of leaf temperatures. Three fun-

gal isolates were used. Lesion development was assessed twice a week, whereas the tempera-

ture of each leaf was monitored continuously.
� Leaf temperature had an impact on disease dynamics. The latent period of M. graminicola

was related to leaf temperature by a quadratic relationship. The establishment of thermal per-

formance curves demonstrated differences among isolates as well as among leaf layers.
� For the first time, the thermal performance curve of a foliar fungal pathogen has been

established using leaf temperature. The experimental setup we propose is applicable, and effi-

cient, for other foliar fungal pathogens. Results have shown the necessity of such an

approach, when studying the acclimatization of foliar fungal pathogens.

Introduction

Among climatic variables, temperature is a major driving force in
physiological processes affecting the development of living organ-
isms (Belehradek, 1926; Campbell & Norman, 1998). The bio-
logical processes involved in development are driven by the
organism’s temperature; in ecology this is termed ‘body tempera-
ture’ (Brown et al., 2004; Huey & Kingsolver, 2011). Although
widely used by ecologists in the study of ectotherm organisms,
the concept of body temperature has been largely ignored by
agronomists and epidemiologists. For fungal pathogens that
develop mainly onto and into leaves, the body temperature is the
leaf temperature (i.e. the temperature they actually perceive;
Lovell et al., 2004).

Plants attempt to maintain a leaf temperature equilibrium,
which would make metabolic functions operate at nearly optimal
temperatures (Helliker & Richter, 2008). For a leaf at equilib-
rium, the amount of energy that enters via solar radiation and
ambient heat is equal to that which exits the leaf through heat
loss, scattered light and transpired water. If the leaf is not at equi-
librium with its environment, the leaf temperature will change
until equilibrium is achieved. Equilibrium for leaves is usually
attained in < 1 min (Linacre, 1966; Kitano et al., 1983). The
energy budget equation of a single leaf (Gates, 1980) can be
expanded to:

Absorbed radiation ¼ Re-radiationþ Convection
þ Transpiration Eqn 1

where re-radiation depends on leaf temperature, convection
depends on the temperature gradient between leaf and air, and
transpiration depends on the gradient of vapor pressure between
leaf and air, which in turn depends on the leaf and air tempera-
tures.

In order to characterize the climate of a leaf within a plant
population, Chelle (2005) defined the ‘phylloclimate’. Phyllocli-
mate is characterized by a high temporal and spatial variability
owing heterogeneity of microclimatic conditions (wind, radia-
tion, humidity and air temperature) mainly generated by the can-
opy architecture. Because of the leaf energy balance (Eqn 1),
phylloclimate differs from local microclimate, which corresponds
to the climate at the scale of a layer (canopy). Microclimate itself
differs from the regional climate (mesoclimate) occurring around
a given canopy (Lhomme, 1995), because of the complex interac-
tion between the energy fluxes and the canopy structure. Often
mesoclimatic variables used are those measured by the network of
weather stations.

Moreover, the difference between air and leaf temperatures
depends on the enclosure used for experiments (Linacre, 1964;
Smith, 1978; Weng & Liao, 2001). For the same air
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temperature, the difference in leaf temperature between field and
controlled environment can be > 3°C (De Boeck et al., 2012). In
addition, the growing environment in a controlled growth cham-
ber or a glasshouse usually has a nonuniform spatial pattern of air
temperature (Potvin et al., 1990; Demrati et al., 2007) and of leaf
temperature (Kichah et al., 2012). These patterns consistently
differ from the pattern in the field.

Thermal performance curves (TPCs), which comprise a special
case of reaction norm for phenotypic traits related to fitness, are
used to assess the response of organismal development to temper-
ature (Kingsolver et al., 2004; Schulte et al., 2011). These curves
have recently re-emerged as a central tool in ecological studies.
Thermal performance curves provide objective estimates of opti-
mal temperature, ‘performance breadth’ (the range of tempera-
ture with high performance; Huey & Stevenson, 1979; Gilchrist,
1995; Angilletta et al., 2002) and ‘tolerance zone’ (the tempera-
ture range of survival of the organism; Jobling, 1981; Huey &
Kingsolver, 1989). These curves are strongly nonlinear (Angilletta,
2006).

The difference between air and leaf temperatures combined
with the nonlinearity of TPCs leads to errors when using air tem-
perature to estimate the development of organisms onto or into
leaves (Helmuth et al., 2010; Pincebourde & Woods, 2012).
This has already been reported for insects (Pincebourde et al.,
2007; Potter et al., 2009; Park et al., 2011) but not for foliar fun-
gal pathogens. Such studies of such pathogens have only consid-
ered air temperature, regardless of the growing system (field,
glasshouse, controlled growth chamber).

The aim of this study is to quantify the effect of leaf tempera-
ture on the development of a foliar fungal pathogen using a
TPC-based approach. To this end, we grew adult wheat plants in
a controlled growth chamber or in a glasshouse and inoculated
their leaves with the fungus Mycospaherella graminicola. During
the course of infection, we measured the temperature of each leaf
and assessed disease on the same leaf. The data were used to
establish the TPC for the latent period (generation time). The
fungusMycosphaerella graminicola is the causal agent of the septo-
ria tritici blotch (STB) disease on wheat. Present wherever wheat
is grown, and developing throughout the wheat growing season,
this pathogen is exposed to a wide range of temperatures. Ther-
mal adaptation, achieved through both phenotypic plasticity and
genetic differentiation, has been demonstrated for M. graminicola
grown on artificial media (Zhan & McDonald, 2011). The effect
of air temperature on the development of M. graminicola on
wheat leaves is well-known (Hess & Shaner, 1987; Shaw, 1990;
Magboul et al., 1992; Chungu et al., 2001), but experiments
addressing the effect of leaf temperature have not yet been
reported.

Materials and Methods

Plant material

Wheat (Triticum aestivum L. cv Apache) seeds were sown in Jiffy
peat pots (Jiffy Strip Planter; Stange, Norway). Two weeks after
sowing, when coleoptiles emerged, plants were vernalized in a

controlled growth chamber (Strader, Pellouailles-les-Vignes,
France), equipped with HPI-T PLUS lamps (400W; Philips
Electronics NV, Amsterdam, the Netherlands) for 8 wk at 6°C
with a 10-h light period and a 14-h dark period. Seedlings were
subsequently transplanted into 1-l pots filled with commercial
potting soil mixed with 5 g of fertilizer (Osmocote Exact; Scotts,
Heerlen, Netherlands). Plants were sprayed with spiroxamine
(Aquarelle SF at 2 ml l�1; Bayer CropScience, Lyon, France) as a
preventive measure to control powdery mildew (Blumeria
graminis f. sp. tritici). Plants were then separated into two groups,
placed either in a glasshouse or in a controlled growth chamber.
Plants were grown under long-day conditions (15 h : 9 h,
day : night). The average air temperature measured above plants
was 11.4°C in the controlled growth chamber and 18.4°C in the
glasshouse. Throughout the experiment, tillers were eliminated
weekly to a final count of only three stems per plot.

Fungal material and leaf inoculation

Three isolates of M. graminicola, aggressive to wheat cv. Apache
(Suffert et al., 2013), were used: INRA08-FS0001 (isolate 1),
INRA08-FS0002 (isolate 2) and INRA08-FS0003 (isolate 3).
Isolates 1 and 2 were isolated in France in 2008 from a wheat
field located in Grignon (48°50′43″N, +1°56′45″E); isolate 3
was isolated the same year from a wheat field located in Le Rheu
(+48°5′54″N, �1°47′52″E). Grignon and Le Rheu are under
mid-latitude continental and true temperate maritime climates,
respectively. Inoculation was performed at growth stage 39
(Zadoks et al., 1974) when the flag leaf was fully emerged, as
described in detail by Suffert et al. (2013). Each leaf was inocu-
lated with a single isolate. Conidia suspensions were prepared the
day of inoculation by flooding the surface of 5-d-old culture on
Petri dishes with water and then scraping the potato dextrose agar
(PDA) surface with a glass rod to release conidia. Concentration
was adjusted to 105 conidia ml�1. Three drops (0.15 ml) of
Tween 20 (Sigma-Aldrich) were added to 50 ml of inoculum
solution to prevent drift of inoculum. The suspension was
applied with a paintbrush over a length of 25 mm on penultimate
(F2) and flag (F1) leaves of the main tiller. Inoculated leaves were
enclosed in a transparent polyethylene bag for 72 h, which was
moistened with distilled water to provide optimal humidity con-
ditions for infection. Once infection was completed, to avoid
lighting artifacts, inoculated leaves were maintained horizontally
with nylon wires at the height of each leaf layer (Fig. 1). The
number of inoculated leaves for each enclosure, leaf rank and iso-
late is given in Table 1.

Leaf temperature measurements

The temperature of each leaf was measured with thin T-type
thermocouples (diameter 0.2 mm) positioned under the leaf in
contact with the inoculated area. Each thermocouple was con-
nected to a datalogger (Campbell Scientific, North Logan, UT,
USA) that recorded leaf temperature every 20 s, averaged over
15 min. Owing to the high number of leaves, five dataloggers
were used. The contact of thermocouples with leaves was checked
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three times a week. The thermocouples were calibrated before
and after the experiment. To avoid bias from using multiple dat-
aloggers, the temperature of a single brass block was measured
continuously by each datalogger. Temperature data homogeniza-
tion was performed based on brass block temperature measure-
ments and on results of pre- and post-experiment calibrations.
The range of leaf temperature was increased, without altering
light incidence, using black infrared heat lamps (ceramic heat
emitter 150W; Hagen, Baie d’Urf�e, QC, Canada) positioned in
groups of three lamps above 33% of the leaves and five lamps
above 33% of the leaves. No lamp was positioned above the
remaining leaves.

Lesion development

From 12 d to 78 d post-inoculation (dpi), the development
of lesions on each leaf was assessed every 2�4 d. The pro-
portions of the inoculated area covered by chlorosis, necrosis
and pycnidia (spore-bearing organs) were estimated visually

by the same assessor. In the following text, we call the tem-
poral progress of chlorotic and necrotic areas ‘disease dynam-
ics’ and the temporal progress of the area covered by
pycnidia ‘sporulating area dynamics’. Disease assessment
ended when the leaf apical senescent area coalesced with the
diseased area.

Curve fitting and disease assessment

Lesion and sporulating areas We denoted the maximum per-
centage of the inoculated area covered by chlorosis and necrosis
together as LESmax and the maximum percentage of the inocu-
lated area covered by spores as SPOmax. For each leaf, a Gom-
pertz growth curve (Hunt, 1982) was fitted to the sporulating
area dynamics, SPO(t).

SPO (t) ¼ SPOmax � e ðc�e ðd�t ÞÞ Eqn 2

In this equation c is the growth rate at the inflection point, and
d is the time (in dpi) at inflection point.

Incubation and latent periods Incubation period, the time
needed for lesions to appear, was defined as the time to reach
50% of leaves with visible lesions (Johnson, 1980; Shaw,
1986; Douaiher et al., 2007). Latent period, LP, the time
needed for a generation of the pathogen, was defined as the
time elapsed from inoculation to 37% of SPOmax, assessed
from the sporulation area fitted curve (Suffert et al., 2013).
The value of 37% corresponds to the ordinate at the point of
inflection of Gompertz curve (Winsor, 1932). Incubation and
latent period were expressed in dpi. Once the latent period
had been determined for all leaves, a quadratic function
(Eqn 3) was fitted to the relationship between leaf temperature
and latent period:

LPðT1Þ ¼ LPmin þ Curv � ðTl � Tl;optÞ2 Eqn 3

LPmin is the minimal latent period at optimal leaf temperature
(Tl,opt), Curv is a shape parameter and Tl is the mean leaf temper-
ature during the experiment.

Establishment of thermal performance curves As proposed by
Shaw (1990), we expressed the performance as the inverse of the
latent period. Eqn 4 corresponds to the TPC of M. graminicola
latent period to leaf temperature.

TPCðTlÞ ¼ 1=ðLPmin þ Curv � ðTl � Tl;optÞ2Þ Eqn 4

Analysis of leaf layer effect on latent period Because of the
unequal distribution of mean leaf temperatures between flag
leaves (F1) and second leaves (F2), the analysis of leaf layer effect
was performed on the subsample that included all the leaves hav-
ing a mean leaf temperature between 17.0°C and 17.5°C. For
this temperature range, mean leaf temperature for F1 (n = 12)
and F2 (n = 12) groups is equal (P = 0.44).

Fig. 1 Close-up of the experimental setup in the glasshouse. Wheat
(Triticum aestivum) leaves (F1 (flag leaves) and F2 (second leaves) of the
main tiller) inoculated withMycosphaerella graminicola were maintained
horizontally with nylon wires. The range of leaf temperature was increased
using various densities of black infrared heat lamps (150W) positioned
40 cm above the leaves. Leaf temperatures were measured by thermocouples
positioned under the leaves in contact with the inoculated areas.

Table 1 Number of wheat (Triticum aestivum) leaves inoculated with
threeMycosphaerella graminicola isolates

Location Growth chamber Glasshouse

Leaf layer F1 F2 F1 F2

INRA08-FS0001 (isolate 1) 17 19 12 20
INRA08-FS0002 (isolate 2) 18 16 8 20
INRA08-FS0003 (isolate 3) 14 20 9 18

F1, flag leaves; F2, second leaves.
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Statistical analysis

Disease curve fitting and subsequent statistical analysis were per-
formed using R statistical software v. 2.12.1 (R Development
Core Team, 2010). Mean leaf temperatures ranged from 10.1°C
to 16.4°C in the controlled growth chamber and from 16.3°C to
20.9°C in the glasshouse. For the sake of clarity, the disease
dynamics was analysed by grouping leaves in classes according to
their mean leaf temperature. Hence, leaves were grouped in five
classes of equal amplitude: C1 from 10.1°C to 12.3°C (n = 83),
C2 from 12.3°C to 14.4°C (n = 17), C3 from 14.4°C to 16.6°C
(n = 12), C4 from 16.6°C to 18.7°C (n = 69), and C5 from
18.7°C to 20.9°C (n = 10). Hereafter, C1L, C2L, C3L, C4L, and
C5L will refer to leaves having mean leaf temperatures in classes
C1, C2, C3, C4 and C5, respectively.

Results

Disease dynamics

Lesions appeared on all inoculated leaves except for five leaves,
which were excluded from the dataset. Disease assessment was
carried out until 61 dpi on C3L, C4L and C5L and until 78 dpi
on C1L and C2L, depending on leaf senescence and disease
dynamics. The first visible lesions (Fig. 2a) appeared 15 dpi on
C4L and C5L, with, respectively, 17% and 70% of the leaves hav-
ing visible lesions (chlorosis and/or necrosis areas). The occur-
rence of the first lesions was delayed until 18 dpi for 13%, 71%
and 67% of C1L, C2L and C3L, respectively (Fig. 2b). The incu-
bation period lasted 15 d on C5L, 18 d on C2L, C3L, and C4L,
and 25 d on C1L. The incubation period was delayed by 10 dpi
between leaves of the two extreme leaf temperature classes (C1
and C5).

Lesions developed more slowly on C1L than on other leaf clas-
ses (Fig. 2b). Differences between mean diseased area on C1L
compared with C3L, C4L, and C5L remained highly significant
from 15 dpi to 78 dpi. Lesions developed similarly on C2L and
C3L until 27 dpi. From 29 dpi to the end of the disease assess-
ment period, lesions on C2L developed more slowly to reach a
disease level similar to C1L. Disease dynamics was similar on C3L
and C4L throughout most of the experiment. Confidence inter-
vals of C3L were large because of the low number of leaves
(n = 12), which prevented demonstration of differences between
C3L and C4L, except from 27–36 dpi, a time span that corre-
sponds to lesion expansion. The mean area of lesions developed
on the hottest leaves (C5L) increased significantly more rapidly
than on C4L from 15 dpi to 18 dpi (Fig. 2a). Lesions then devel-
oped similarly until 22 dpi. Finally, from 25 dpi to the end of the
disease assessment period (61 dpi for both classes), lesion devel-
opment was higher on C4L than on C5L. The leaf temperature
class C4, from 16.6°C to 18.7°C, appeared to be the optimal
range for the development of M. graminicola in our experimental
conditions.

We expressed the normalized disease dynamic as the increase
in the lesion area (covered by chlorosis and necrosis) relative to
the final lesion area (LESmax) (Fig. 3). The differences in

normalized disease dynamics between leaf temperature classes
were less marked (Fig. 3) than for absolute disease dynamics
(Fig. 2). Lesions on C5L developed first and more rapidly than

(a)

(b)

Fig. 2 Disease dynamics (percentage of the inoculated area) of
Mycosphaerella graminicola on wheat (Triticum aestivum) leaves in five
leaf temperature classes. (a) Optimal and supraoptimal leaf temperature
classes C4 (squares) and C5 (circles). (b) Optimal and suboptimal leaf
temperature classes C1 (triangles), C2 (crosses), C3 (yellow squares), and
C4 (red squares). Error bars are confidence interval (95%), for the sake of
clarity, only one-half of the error bars are shown.

Fig. 3 Normalized disease dynamics ofMycosphaerella graminicola on
wheat (Triticum aestivum) leaves in five leaf temperature classes: C1
(triangles), C2 (crosses), C3 (yellow squares), and C4 (red squares), and
C5 (circles). Error bars are confidence intervals (95%); for the sake of
clarity, only one-half of each error bar is shown.
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on other classes (P < 0.001), then normalized disease dynamics
were similar for C3L C4L and C5L. Normalized disease dynamics
on C2L, C3L and C4L were similar until 36 dpi. From 39 dpi to
61 dpi, normalized disease dynamics were slower on C2L and
similar on C3L and C4L. Finally, from 64 dpi to 82 dpi, normal-
ized disease dynamics were similar on C1L and C2L. Before
64 dpi, normalized disease dynamics were slower on C1L than on
other classes (P < 0.03).

The LESmax depended greatly on the leaf temperature classes
(Fig. 4a). The leaves of the two lowest classes and the highest class
(C1, C2, and C5) had the lowest LESmax (38.5% to 51.9% of
the inoculated area). The LESmax was higher on C4L (79.4%)
than on leaves of previously cited classes (P < 0.001). Class C3L
had an intermediate final diseased area that was significantly dif-
ferent only from that of C2L (P � 0.005).

Differences in SPOmax between classes were even more marked
than for LESmax (Fig. 4b). As for LESmax, SPOmax was also

maximal on leaves in the optimal temperature class (C4L: 68.4%,
P < 0.003). Classes C1L (14.0%), C2L (9.2%) and C5L (24.6%)
had the lowest SPOmax (P < 0.034). On C3L, SPOmax was inter-
mediate (47.1%) and significantly different from other classes.
The ratio SPOmax : LESmax, which represents the proportion of
the diseased area developing spores, was lower for C1L (0.27),
C2L (0.24) and C5L (0.53) than for C4L (0.86) and C3L (0.71).

Latent period

Latent period ranged from 19 dpi to 102 dpi (Fig. 5): from
19 dpi to 90 dpi for isolate 1, from 24 dpi to 102 dpi for isolate 2
and from 25 dpi to 102 dpi for isolate 3. The variability of the
response of the latent period to leaf temperature was higher at
low leaf temperature: at leaf temperature between 10°C and 12°
C, latent period varied between 51 dpi and 102 dpi while at leaf
temperature from 17°C to 19°C, latent period varied between
23 dpi and 39 dpi. For the three isolates studied, the latent period
decreased with increasing mean leaf temperature, reached a mini-
mum and eventually increased slightly beyond 20°C. From
Eqn 3, a minimal latent period of 28.8 dpi was reached for a tem-
perature of 18.4°C.

Between-isolates variability

The TPCs of the three isolates tested suggested a differential
response of M. graminicola isolates to leaf temperature (Fig. 6).
The fit of Eqn 4 to the data, which describes the performance of
latent period of M. graminicola depending on mean leaf tempera-
ture, was highly significant for the three isolates (R2 from 0.83 to
0.89, Table 2). The values of parameter Curv for isolates 1 and 2
were not significantly different (P = 0.35) from each other but
differed from the value for isolate 3 (P < 0.001). The values of
the other two parameters were different for the three isolates
(P < 0.02, Table 2). Consequently, each isolate has its own TPC.
The optimal mean leaf temperatures calculated from the TPCs

(a)

(b)

Fig. 4 (a) Final diseased area (LESmax) and (b) sporulating area (SPOmax)
on wheat (Triticum aestivum) leaves infected byMycosphaerella

graminicola in five mean leaf temperature classes. Values are
means� confidence interval (95%); letters represent significant
differences by Student’s t-test (P � 0.05).

Fig. 5 Effect of mean temperature of wheat (Triticum aestivum) leaves on
the latent period (number of days post-inoculation (dpi) to reach 37% of
final sporulating area) of three isolates ofMycosphaerella graminicola
(triangles) isolate 1, (squares) isolate 2, (circles) isolate 3. The curve
represents the fitting of Eqn 2 to the data pooled for the three isolates.
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were 18.1, 18.5 and 18.9°C for isolates 1, 2 and 3, respectively.
The optima were significantly different between isolates
(P < 0.02). Latent period at optimal mean leaf temperature was
28.0, 26.9 and 31.1 dpi for isolates 1, 2 and 3 respectively
(Table 2).

Effect of leaf layer on latent period

The latent period was significantly longer on F1 leaves
(31.9� 3.4 dpi) than on F2 leaves (27.1� 3.7 dpi) at mean leaf
temperature between 17.0°C and 17.5°C (P = 0.004). The latent
period was up to 4 d longer on F1 leaves than on F2 leaves.

Discussion

To the best of our knowledge, we have established the first ther-
mal performance curve (TPC) of a foliar fungal pathogen using
the temperature actually perceived by the fungus, which is the
temperature of the infected leaf. The previously published TPCs
(Maziero et al., 2009; Milus et al., 2009) were based on the air
temperature, which is an unreliable indicator of the leaf tempera-
ture. This may lead to erroneous results and interpretations, as
shown by ecologists studying trees (Helliker & Richter, 2008),
insects (Potter et al., 2009) and intertidal organisms (Helmuth

et al., 2010). In parallel to our study, Bonde et al. (2012) studied
the effect of temperature fluctuations on a foliar fungal pathogen,
measuring simultaneously leaf and air temperatures in controlled
growth chambers. In their specific experiments, they have found
that leaf and air temperatures in their controlled growth cham-
bers were nearly equal, concluding that the use of air temperature
was relevant. Their results were probably an exception, as it has
been largely proved that uncontrolled environmental variations
in controlled growth chambers and glasshouses generate an heter-
ogeneous pattern of air temperature (Potvin et al., 1990; Demrati
et al., 2007) and leaf temperature (Kichah et al., 2012). To
ensure that no effect of such heterogeneities occurs when estab-
lishing TPC, we propose the necessity of measuring the tempera-
ture actually perceived by foliar pathogens, that is, the
temperature of each individual diseased leaf. In this study, we
continuously measured the temperature of 191 wheat leaves to
establish the TPC of M. graminicola characterizing its latent
period.

The methodology we set up is relevant for studies on other
foliar fungal pathogens. Wherever the experiment is carried out
(controlled growth chamber, glasshouse or field) the temperature
measured will be the body temperature of fungus. This setup has
allowed the generation of TPCs for a wide range of leaf tempera-
tures (from 10.1°C to 20.9°C) using infrared heat lamps. Achiev-
ing such a range of leaf temperature necessitated only two
experiments in controlled growing environments, which were set
up with two different air temperatures. To obtain the same
results for air temperature would have required several experi-
ments (one for each air temperature). Moreover, as the use of
infrared heat lamps can modify the humidity and the vapor–air
pressure gradient between substomatal cavities and atmosphere
(Amthor et al., 2010), we avoided possible artifacts by having
well-watered plants during our experiments. This followed the
conclusion of Wall et al. (2011), who found that no effect on gas
exchange or water relations was associated with the infrared
warming lamps when a supplemental irrigation minimized plant-
to-air water vapor pressure differences between infrared-warmed
and non-warmed plots. Such a methodology will have to be
applied to field conditions to take into account its specificity
regarding the leaf energy budget, especially the fluctuating feature
of its terms (air temperature, radiation, wind, etc.).

Table 2 Fitting of Eqn 4 to thermal performance curves (TPCs) obtained
for three isolates ofMycosphaerella graminicola

Isolates

Parameters

R2n LPmin (dpi) Curv (dpi °C�2) Tl,opt (°C)

Isolate 1 61 28.0� 1.6 (a) 0.90� 0.16 (a) 18.1� 0.7 (a) 0.88
Isolate 2 62 26.9� 2.2 (b) 0.86� 0.20 (a) 18.5� 0.9 (b) 0.89
Isolate 3 68 31.1� 2.5 (c) 0.72� 0.19 (b) 18.9� 1.2 (c) 0.83
Isolates
pooled

191 28.8� 1.2 0.85� 0.11 18.4� 0.5 0.86

Eqn 4: TPCðTlÞ ¼ 1=ðLPmin þ Curv� ðTl � Tl;optÞ2Þ. LP, latent period (dpi);
LPmin, minimum latent period at optimal temperature (dpi); Tl, mean wheat
(Triticum aestivum) leaf temperature (°C); Tl,opt, optimal mean leaf tem-
perature (°C); dpi, days post-inoculation. Values are means� SD. Letters
represent significant differences of parameter values between isolates by
Student’s t-test (P � 0.05).

Fig. 6 Thermal performance curves (TPC) for
latent period of threeMycosphaerella

graminicola isolates infecting wheat
(Triticum aestivum) leaves: (red dotted line)
INRA08-FS0001 (isolate 1), (solid grey line)
INRA08-FS0002 (isolate 2), and (dashed blue
line) INRA08-FS0003 (isolate 3). Latent
period is the number of dpi (days post-
inoculation) to reach 37% of final sporulating
area; +, optimal mean leaf temperatures
determined for each isolate (see Table 2 for
parameter values).
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The optimal mean leaf temperature for the latent period of
M. graminicola varied significantly between 18.1°C and 18.9°C,
depending on isolates, in our experimental conditions (Fig. 6,
Table 2). The reported optimal air temperature for the latent
period of M. graminicola varies between 15°C and 25°C, both in
field (Shaw, 1990; Lovell et al., 2004) and controlled conditions
(Hess & Shaner, 1987; Shaw, 1990; Magboul et al., 1992). How-
ever, optimal temperatures obtained with air temperature
and leaf temperature should not be compared directly, as the
difference between the two temperatures varies, depending
on the growing conditions through the leaf energy budget
(Eqn 1). A similar increase in latent period as observed by us
for supraoptimal temperatures has been previously described
for M. graminicola (Shaw, 1990) and Phytophthora infestans
(Andrade-Piedra et al., 2005), but using air temperature.

Latent period was significantly longer on flag leaves (F1) than
on second leaves (F2) at equal leaf temperature. By contrast,
Shaw (1990), also experimenting in controlled growth chambers,
found a longer latent period on F2. The difference between
Shaw’s result and ours illustrates the possible error in the inter-
pretation of results when measuring air temperature instead of
leaf temperature for foliar fungal epidemics studies. As F2 leaves
are lower than F1 leaves inside the canopy, they are further from
the light sources and can be shaded by F1 leaves and stems and
thus receive less light irradiance. Thus, in a controlled growth
chamber, leaf temperature is higher on F1 leaves than on F2
leaves for a given air temperature. As a consequence of the higher
leaf temperature, latent period on F1 leaves, if deduced from air
temperature measurements, is reduced. This may explain the
results observed by Shaw. The difference of latent period we have
observed between F1 and F2 leaves at equal leaf temperatures
may be explained by other factors known to influence fungal
development, such as morphology, age and physiology of the
leaves (Lovell et al., 2004). Further experiments are required,
involving inoculation on other leaf layers submitted to tempera-
ture ranges consistent with the wheat growth stage, including for
example the lowest leaf layers at seedling stage under winter con-
ditions.

Formulating the TPC of latent period as a function of leaf
temperature should improve the models of plant disease epidem-
ics. Indeed, as pointed out by Shaw (1990), the relationship
between temperature and latent period of M. graminicola is not
linear (Fig. 5). Thus, regarding the range of temperature per-
ceived by the fungal pathogen, latent period cannot be summa-
rized as a single thermal time-value, although this is commonly
done in experimental studies (Thomas et al., 1989; Lovell et al.,
2004) and models (O’Callaghan et al., 1994; Audsley et al.,
2005; Robert et al., 2008). Moreover, leaf temperature instead of
air temperature and related TPCs ought to be considered when
simulating the interaction between canopy architecture and foliar
fungal epidemics (Pangga et al., 2011). Admittedly, leaf tempera-
ture may appear less easily accessible to measurement than air
temperature. However, it can be indirectly estimated by provid-
ing soil�vegetation�atmosphere transfer (SVAT) models with
data recorded by standard weather stations. These models, such
as CUPID (Norman, 1979), dynamically simulate the

temperature of each leaf layer. A similar approach allowed the
simulation of the leaf wetness duration (LWD), another climatic
variable that drives foliar fungal epidemics, whose estimation was
preferred to direct measurement of air humidity that introduced
some artifacts into epidemics models (Dalla Marta et al., 2005).

The sensitivity of physiological and ecological traits of fungi to
temperature has been widely studied (Dell et al., 2011). Some
studies have measured the TPCs of different fungi for a wide
range of temperatures (Shaw, 1990; Fargues et al., 1992; McLean
et al., 2005) but never for foliar pathogens while measuring the
leaf temperature. We have found that the TPCs of
M. graminicola for latent period based on leaf temperature varied
significantly between the three isolates (Table 2). The identifica-
tion of diverse TPCs for each isolate is a characterization of
M. graminicola phenotypic plasticity. Measuring the growth on
artificial media of M. graminicola isolates sampled from five host
populations in four locations, Zhan & McDonald (2011) have
shown a local adaptation of the fungus, concluding that tempera-
ture is a selective agent responsible for the adaptation of
M. graminicola. In contrast to the method of Zhan & McDonald
(2011), who studied the adaptation of the fungus to air tempera-
ture in agar medium, our device made it possible to study the
effect of temperature on the fungus development while account-
ing for its interactions with the leaf physiology. To identify and
quantify the thermal adaptation of M. graminicola, a greater
number of isolates should be grown on living leaves. This should
require the use of adult plant leaves to consider the physiological
aspects of the plant–pathogen interaction (Wang et al., 2009;
Diamond & Kingsolver, 2012). Finally, TPCs are known to have
great potential for predicting the responses of populations or spe-
cies to climate change, as they can be incorporated into mecha-
nistic models of response of organisms to climate change (Schulte
et al., 2011). Here, we have made a first step toward a new way
for the study of the adaptation ofM. graminicola (and other foliar
fungal pathogens) to climate change.
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