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Abstract
Climate change and pesticide resistance are two of the most imminent challenges 
human society is facing today. Knowledge of how the evolution of pesticide resist-
ance may be affected by climate change such as increasing air temperature on the 
planet is important for agricultural production and ecological sustainability in the 
future but is lack in scientific literatures reported from empirical research. Here, 
we used the azoxystrobin-Phytophthora infestans interaction in agricultural systems 
to investigate the contributions of environmental temperature to the evolution of 
pesticide resistance and infer the impacts of global warming on pesticide efficacy 
and future agricultural production and ecological sustainability. We achieved this 
by comparing azoxystrobin sensitivity of 180 P. infestans isolates sampled from nine 
geographic locations in China under five temperature schemes ranging from 13 to 
25°C. We found that local air temperature contributed greatly to the difference of 
azoxystrobin tolerance among geographic populations of the pathogen. Both among-
population and within-population variations in azoxystrobin tolerance increased as 
experimental temperatures increased. We also found that isolates with higher azox-
ystrobin tolerance adapted to a broader thermal niche. These results suggest that 
global warming may enhance the risk of developing pesticide resistance in plant path-
ogens and highlight the increased challenges of administering pesticides for effec-
tive management of plant diseases to support agricultural production and ecological 
sustainability under future thermal conditions.
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1  | INTRODUC TION

Continuing evolutionary processes in pathogens can quickly reduce 
the efficacy of all classes of pesticides after they are commercially 
adopted for a certain period of time, thereby presenting a great 
threat to plant disease management in both agricultural and natural 
ecosystems. Development of pesticide resistance, driven by adap-
tive pathogen mutations that decrease the binding of the pesticide 
to target proteins, enhance expression of the target proteins, in-
crease expression of efflux pumps (Avenot et al., 2009; Webber & 
Piddock, 2003), or change in bio-property of cell walls (Nikolaidis 
et al., 2014), is regulated by the intensity and duration of their ap-
plication (Chen et al., 2013), modes of action (Gisi & Sierotzki, 2008; 
Lucas et al., 2015), ways of being administered (Zhan et al., 2006), 
and the evolutionary capacity of the associated pathogens. For 
example, it is expected that the evolutionary risk of developing re-
sistance against site-specific pesticides is higher than that against 
site-nonspecific pesticides because the development of resistance 
to the former usually involves only a single amino acid change in the 
target gene (Chen et al., 2009, 2018; Gisi & Sierotzki, 2008), while 
in the latter, resistance requires a sequential accumulation of mul-
tiple sequence substitutions in many independent genes over the 
pathogen genome (Mohd-Assaad et al., 2016; Zhan et al., 2006). In 
pathogens, growth strategy, reproductive mode, transmission, and 
the extent of spatiotemporal distribution of genetic variation are 
among the key biological and population genetic features affecting 
their potential of developing pesticide resistance (Lucas et al., 2015). 
In addition, evolution of pesticide resistance is also affected by the 
ecological interaction of pathogens with other biotic and abiotic fac-
tors in the environments (Delnat et al., 2019; Maino et al., 2018), 
leading to substantial variation in efficacy durability among pesti-
cides (MacFadden et al., 2018).

Temperature is among the most important environmental factors 
that can have a critical influence on all aspects of biological (Clarke, 
2003; Knies et al., 2006), ecological (Chen et al., 2017; Loehle et al., 
2016), and biochemical processes of species (Park et al., 2011; Yu 
et al., 2019). It can affect the development and evolution of pesti-
cide resistance directly by (i) altering chemical properties of pesti-
cide compounds (Schade et al., 2014), (ii) changing the mutation rate 
and expression of target genes as well as the interaction of the target 
genes with other genes (Cuco et al., 2018), or (iii) or modifying the 
enzymatic activities, metabolic rates, and physiological conditions of 
cells (Mariette et al., 2016; Sharma et al., 2011). Temperature may 
also have an indirect effect on the evolution of pesticide resistance 
by regulating the life cycle, density, and population genetic structure 
of pathogens (Hoffmann & Sgro, 2011; Tooley et al., 2009). Indeed, 
it has been documented experimentally that air temperature is an 
important environmental factor that can strongly affect the sensi-
tivity of pathogens to pesticides and fitness of resistant mutants 
(Rodríguez-Verdugo et al., 2013; Zhang et al., 2015). In this way, 
temperature can change the evolutionary landscape of pesticide re-
sistance in plant pathogens (He et al., 2018; Lurwanu et al., 2020; 
Mohd-Assaad et al., 2016; Qin et al., 2016).

Average air temperatures on earth have increased by ~1.0°C, 
and the pattern of change is expected to be escalated in coming 
decades (IPCC, 2014). In Escherichia coli, elevated temperature in-
creased the fitness of mutants with resistance to rifampicin under 
nutrient deficiency (Rodríguez-Verdugo et al., 2013), suggesting 
that increasing air temperature by global warming may facilitate the 
evolution of pesticide resistance in the bacteria. Increasing tempera-
ture also increases pesticide resistance in other infectious human 
pathogens such as Klebsiella pneumoniae and Staphylococcus aureus 
(MacFadden et al., 2018). Such documented results on the impact of 
increasing temperature on pesticide resistance are primarily derived 
from short-term responses of pathogens to a narrow window of tem-
perature fluctuation at the genic or genotypic level. Knowledge of 
the long-term effect of temperature on the evolution of pesticide 
resistance at the organismal level by comparing thermal response 
patterns of geographically adapted pathogen populations to chang-
ing temperature is limited but is important to predict the impact of 
global warming on the management of agricultural and natural eco-
systems and design effective programs for mitigation. In this study, 
we used the azoxystrobin-Phytophthora infestans interaction in an 
agricultural system as a model to investigate the contribution of 
local thermal conditions to the evolution of pesticide resistance in 
pathogen populations. In particular, we infer the potential impact of 
ongoing global warming on the development of pesticide resistance 
and implications of the impact for future infectious disease and eco-
system managements by comparing the response of azoxystrobin 
sensitivity in P. infestans originating from different thermal zones to 
the change of experimental temperatures.

Azoxystrobin is a broad-spectrum, systemic fungicide com-
monly used around the world to manage many plant pathogens in 
agriculture and forestry. It is the leading synthetic pesticide in the 
strobilurin family derived from a group of natural products (Bartlett 
et al., 2002). The pesticide suppresses mitochondrial respiration of 
pathogens by binding its active compound to Qo in the cytochrome 
bc1 enzyme complex (Complex III), thereby crippling various biolog-
ical and biochemical processes of living cells by blocking electron 
transfer, stopping adenosine triphosphate synthesis, and disrupting 
energy circulation (Du et al., 2019; Thind, 2012). Azoxystrobin was 
first launched in 1996, but resistant pathotypes emerged shortly 
after its commercialization (Bartlett et al., 2002). In 1998, the first 
azoxystrobin resistance was observed in a field population of the 
wheat powdery mildew pathogen Blumeria graminis sampled from 
northern Germany (Heaney et al., 2000). Since then, field resistance 
to azoxystrobin has been reported in many plant pathogens globally 
(FRAC, 2012).

Phytophthora infestans (Mont.) de Bary, the causal agent of the 
1840s Irish potato famine, is one of the most damaging and eco-
nomically important plant diseases in the world (Fry, 2008). Under 
favorable climatic conditions, late blight can destroy an entire potato 
crop within a week, causing approximately 8 billion US dollars eco-
nomic losses annually worldwide (Birch et al., 2012; Runno-Paurson 
et al., 2013). Pesticide application is one of the most effective ap-
proaches to control the disease (Kessel et al., 2018; Rekanović et al., 
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2012), but resistance to pesticides such as metalaxyl can quickly de-
velop (Chen, Zhou, Xi, et al., 2018; Matson et al., 2015). P. infestans 
predominantly reproduces asexually via sporangia that are mostly 
dispersed by wind and rain (Tian et al., 2015), but sexual cycles have 
been documented recently in many countries (Danies et al., 2014; 
Zhu et al., 2015) after the spread of the A2 mating type from Mexico 
(Flier et al., 2007; Guo et al., 2010) and emergence of self-fertile 
pathotypes (Han et al., 2013; Zhu et al., 2016). High genetic varia-
tion and enhanced persistence of the pathogen (Hwang et al., 2014; 
Mayton et al., 2000) associated with sexual reproduction increase its 
evolutionary potential to adapt to environmental stresses including 
pesticide application.

The specific objectives of the study are to: (i) understand the 
variation and spatial distribution of azoxystrobin tolerance in P.  in-
festans; (ii) determine the main evolutionary mechanism responsible 
for the variation and distribution of azoxystrobin tolerance in P. in-
festans; (iii) evaluate the contribution of temperature on the evo-
lution of azoxystrobin resistance in P.  infestans; and (iv) infer the 
impact of global warming on the sustainable management of plant 
disease in agricultural and natural ecosystems.

2  | MATERIAL S AND METHODS

2.1 | Phytophthora infestans collections

Diseased leaves with P.  infestans symptoms were collected from 
nine potato fields, along a climatic gradient representing several 
potato cropping zones in China during the 2010 and 2011 grow-
ing seasons (Table S1). Gansu, Guizhou, Hubei, Inner Mongolian, 
Ningxia, and Yunnan represent the six most intensive potato pro-
duction areas in China, while Guangxi, Fuzhou, and Xiapu, located 
in the winter cropping region, are the areas with the greatest possi-
bility of developing a potato industry in coming decades, primarily 
driven by government promotion and changes in dietary patterns 
in China. For all collections, infected leaves were sampled at ran-
dom from potato plants in 1–2 m apart and transported in sepa-
rate sandwich bags to the laboratory within 24 h for P.  infestans 
isolation. To isolate the pathogen, infected leaves were first rinsed 
gently using running tap water and then sterilized distilled water. 
A small portion of tissue was cut from the advance margin of a leaf 
lesion and placed abaxial side up on 2.0% water agar for 20–30 h. 
A single piece of mycelium was removed aseptically from a sporu-
lating lesion using an inoculating needle, transferred to a rye B 
agar plate supplemented with ampicillin (100 μg/ml) and rifampicin 
(10 μg/ml), and incubated at 19°C in the dark for 7 days to develop 
a colony. Purification was performed by three sequential trans-
fers of a single sporangium collected from hyphae to a fresh rye 
B plate. The isolates were maintained at 4°C on media until use. 
P.  infestans could lose viability such as pathogenicity after long-
term storage on media (Jinks & Grindle, 1963), and these biological 
features will be restored when necessary by infecting a suscepti-
ble potato cultivar. Details of pathogen collection, isolation and 

restoration are described in previous publications (Qin et al., 2016; 
Yang et al., 2016; Zhu et al., 2015).

2.2 | Phytophthora infestans genotyping

Genotypic data of the isolates collected from Ningxia, Gansu, 
Guizhou, Yunnan, Xiapu, Fuzhou, and Guangxi were taken from 
previous publications (Wu et al., 2016; Yang et al., 2018; Zhu 
et al., 2016), while those for the Inner Mongolian and Hubei popula-
tions were generated de novo using the same procedures. Briefly, 
genomic DNA was extracted using a Plant gDNA Miniprep Kit (GD 
2611; Biomiga) based on the manufacturer's instructions and ampli-
fied with eight pairs of simple sequence repeats (SSR) primers (G11, 
Pi02, Pi04, Pi4B, Pi16, Pi33, Pi56, and Pi89) developed previously 
(Knapova & Gisi, 2002; Lees et al., 2006) and labeled with fluores-
cent dyes (Zhu et al., 2015). PCR amplification was performed in a 
25 μl volume in a microtube containing 1.0 μl of P. infestans genomic 
DNA (~20 ng), 12.5 μl of 2× PCR Buffer Mix (TransGen Biotech Co., 
Ltd.), 1.0 μM each of forward and reverse primers in a 2720 ther-
mal cycler (Applied Biosystems) with the following conditions: initi-
ated with a cycle of 2 min at 94°C, followed by 35 cycles of 30 s at 
94°C, 25 s at 56–58°C (depending on the primers), and 60 s at 72°C, 
and finished with an elongation cycle of 5  min at 72°C. The PCR 
products were loaded into 96-well plates and sent to Ruiboxingke 
Biotechnology Company Limited to determine fragment sizes using 
an ABI 3730XL automated DNA sequencer (Applied Biosystems) in 
which a DNA size ladder was included in each of the samples (Zhu 
et al., 2015). Alleles were allocated using GeneMarker software ver-
sion 3.7 with a binning procedure. Fragments with different sizes 
generated by a same pair of primers were classified as alleles.

2.3 | Experimental test for azoxystrobin tolerance

A multilocus genotype was generated for each isolate by joining al-
leles at each SSR locus in the same order (Zhan & McDonald, 2011; 
Zhu et al., 2015). A total of 180 P. infestans isolates, each with a dis-
tinct multilocus genotype (20 from each of the nine populations), 
were selected for the fungicide experiment using the common 
garden design (Schwaegerle et al., 2000; Zhan et al., 2005; Zhan & 
McDonald, 2011). Prior to the experiment, isolates maintained at 
4°C on media for long-term storage were revived on rye B agar at 
19°C for 8 days. Mycelia plugs (5 mm in diameter) were then taken 
from the margin of revived colonies and inoculated onto new rye B 
plates with (treatments) or without (controls) azoxystrobin (Sigma, 
Aldrich) amendment in 9 cm Petri dishes. Three azoxystrobin con-
centrations (0.05, 0.10, and 0.30 μg/ml) were used in the experiment 
and controls (without azoxystrobin) were included in each fungicide 
treatment (concentration). The azoxystrobin was first dissolved in 
methanol to make a stock solution and then diluted to the required 
concentrations. Inoculated plates were exposed to one of the five 
experimental temperatures (13, 16, 19, 22, and 25°C) in an incubator 
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and were laid out in a completely randomized design using three rep-
lications as recommended previously (Yang et al., 2016; Zhan et al., 
2006). This thermal range was selected to represent the tempera-
tures the pathogen populations were exposed to during the potato 
growing phase. Most areas where potato is grown in the world fall 
within this thermal ranges (Haverkort, 1990). Image analysis soft-
ware ASSESS (Lamari, 2002) was used to measure the colony sizes 
starting from day three after inoculation until the eighth day after 
inoculation.

2.4 | Data analysis

The growth rate of the P.  infestans isolates in azoxystrobin treat-
ments and controls was estimated using a logistic model (Aguayo 
et al., 2014) based on the sizes of an individual colony measured at 
each time over the concentrations in each of five temperatures over 
the 3–8  day postinoculation periods. Azoxystrobin tolerance, the 
ability of P. infestans to survive in the existence of the fungicide, was 
measured by relative growth rate (RGR) of the pathogen isolates in 
the presence to the absence of the fungicide (Brunner et al., 2016; 
Zhan et al., 2006). The tolerance was estimated separately for each 
fungicide concentration and isolate, and analysis of variance for the 
tolerance was performed using the general linear model procedure 
(GLM) embedded in SAS 9.1.3. The thermal reaction norm of azox-
ystrobin tolerance in each isolate was fitted to a second order poly-
nomial distribution using the RGRs estimated from each of the three 
fungicide concentrations. The resulted norms were used to compute 
the maximum (Tmax), optimum (Topt) and minimum (Tmin) tempera-
tures, and the maximum tolerance of the isolates for each fungicide 
concentration as described previously. The thermal reaction norm of 
azoxystrobin tolerance was also evaluated using the mean RGR of 
the isolates in a population over all concentrations. Least significant 
difference was used to compare the azoxystrobin tolerance, Tmax, 
Topt, Tmin, and Tbreadth (Tmax - Tmin) among the nine P. infestans popula-
tions (Kokalis-Burelle et al., 2013) in each fungicide concentration.

Phenotypic variance for azoxystrobin tolerance was estimated 
and portioned into sources attributed to isolate (I, random effect), 
population (P, random effect), temperature (T, fixed effect), and fun-
gicide concentration (C, fixed effect) using SAS GLM and VARCOMP 
programs (SAS 9.1.3) according to the model:

where Yriptc refers to the fungicide tolerance of isolate i in replicate 
r, population p at temperature t and concentration c; M is the overall 
mean; T is the experimental temperature; C is the fungicide concentra-
tion; and Eripc is experimental error. The terms P, I (P), I(P)*T, and I(P)*C 
refer to genetic variance among populations, genetic variance within 
populations, variance due to the genotype ×temperature interaction, 
and different responses of genotype to concentration effects, respec-
tively (Qin et al., 2016; Zhan & McDonald, 2011).

Population differentiation in azoxystrobin tolerance (QST) was 
estimated using the formula described previously (Spitze, 1993; Yang 
et al., 2016; Zhan & McDonald, 2011). Population differentiation for 
SSR marker loci was estimated by the fixation index FST (Meirmans & 
Hedrick, 2011), using POPGENE (Yeh et al., 2000). Statistical differ-
ence between overall FST and combined QST was tested using the SD 
of FST constructed from 100 bootstraps of the original data.

The heritability and plasticity of azoxystrobin tolerance were es-
timated separately for each experimental temperature. Heritability 
was calculated by dividing the genetic variance within populations, 
that is, I(P), by the total phenotypic variance, and plasticity was mea-
sured by dividing the variance of the genotype × concentration in-
teraction, that is, I(P)*C, by the total phenotypic variance (Falconer 
et al., 1996; Sambandan et al., 2008; Tonsor et al., 2013). Monthly 
temperature presented as an average over 15–30 years for each col-
lection site was downloaded from World Climate (http://www.world​
clima​te.com/). Annual mean temperature was estimated by taking 
the mean of the temperatures between January and December. 
Pearson's correlation (Lawrence & Lin, 1989) was used to evaluate 
the association among parameters.

Yriptc = M + I (P ) + T + C + P + I (P ) ∗ T + I (P ) ∗ C + Eriptc

Population 13°C 16°C 19°C 22°C 25°C Mean

Inner Mongolia 0.543B 0.776A 0.761AB 0.787A 0.591B 0.692A

Ningxia 0.534B 0.739B 0.763A 0.711CD 0.709A 0.692A

Gansu 0.557B 0.706C 0.662D 0.651E 0.521C 0.619D

Guizhou 0.530B 0.663E 0.769A 0.625E 0.580B 0.633C

Yunnan 0.586A 0.688D 0.762AB 0.649E 0.595B 0.656B

Hubei 0.588A 0.710C 0.743B 0.686D 0.581B 0.662B

Xiapu 0.541B 0.664E 0.705C 0.584F 0.413D 0.581E

Fuzhou 0.532B 0.689D 0.752AB 0.745B 0.564B 0.656B

Guangxi 0.519B 0.660E 0.698C 0.731BC 0.433D 0.608D

Average 0.548 0.699 0.735 0.685 0.554 0.644

SD 0.025 0.039 0.038 0.064 0.090 0.051

Note: Values followed by different letters in the same column differ significantly at p = 0.05.
Abbreviation: SD, Standard deviation.

TA B L E  1   Azoxystrobin tolerance 
measured by the relative growth rate 
in the presence to the absence of the 
fungicide in the nine Phytophthora 
infestans populations at the five 
experimental temperatures

http://www.worldclimate.com/
http://www.worldclimate.com/
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3  | RESULTS

Analysis of variance indicated significant contributions of collection 
site (population), genotype (isolate), experimental temperature, and 
fungicide concentration to the level of azoxystrobin tolerance in 
P.  infestans (p < 0.001). The level of azoxystrobin tolerance in the 
P.  infestans populations was also influenced by the interaction of 
experimental temperature with pathogen's genotype and collection 
site (p < 0.0001). Overall, P. infestans populations sampled from cold 
regions (Inner Mongolia and Ningxia) showed the highest tolerance 
to azoxystrobin, while the pathogen populations from warm regions 
(Xiapu and Guangxi but not Fuzhou) showed the least tolerance to 
azoxystrobin (Table 1). The pathogen populations from temperate 
regions (Yunnan and Hubei) displayed an intermediate level of toler-
ance. Further analysis revealed that azoxystrobin tolerance in the 
nine P. infestans populations was negatively correlated with the an-
nual mean temperature of collection sites (Figure 1).

Thermal reaction norm, the profile of P.  infestans tolerance to 
azoxystrobin in response to the change of experimental tempera-
ture, showed a good fit to a second order polynomial (r  =  0.997, 
p = 0.0027, Figure 2), and variance in azoxystrobin tolerance among 
the 180 P.  infestans isolates meets the assumption of homoscedas-
ticity under all five experimental temperatures (data not shown). 
The estimated maximum (Tmax), optimum (Topt), minimum (Tmin) 
temperatures, and temperature niche breadth (Tmax - Tmin) of the 
fungicide tolerance varied significantly among the pathogen pop-
ulations (Table 2) and were negatively associated with the annual 
mean temperature of collection sites although only one correlation 
(i.e., Topt) was significant (Figure 3). The optimum temperature for 
azoxystrobin tolerance in P.  infestans was ~19°C although variation 
(~ 2°C) existed among populations sampled from different locations 
(Table 2). The temperature niche breadth (Tmax- Tmin) of azoxystrobin 
tolerance reduced as the fungicide concentration increased, chang-
ing from 29.61°C in 0.05 μg/ml to 24.16°C in 0.10 μg/ml and then 
18.02°C in 0.30 μg/ml (Table 2) and was positively associated with 

the maximum fungicide tolerance of the pathogen at all three con-
centrations (Figure 4).

Genetic variance in azoxystrobin tolerance (heritability) ac-
counted for 8%–28% (mean 20%) of the phenotypic variation while 
the variance of the genotype–environment interaction (phenotypic 
plasticity) accounted for 16%–36% (mean 26%) of the phenotypic 
variation (Table 3). The ratio between phenotypic plasticity and heri-
tability in azoxystrobin tolerance ranged from 0.82 at 16°C to 2.09 at 
19°C with an average of 1.51. Phenotypic plasticity in azoxystrobin 
tolerance was positively and significantly associated with experi-
mental temperature (Figure 5b). Though heritability in azoxystrobin 
tolerance was also positively correlated with experimental tempera-
ture, the association was not statistically significant (Figure 5a).

The variation in population tolerance of P.  infestans to azox-
ystrobin measured by SD (Table 1) was also positively and signifi-
cantly associated with experimental temperature (Figure 6). The 
overall population differentiation (QST) in azoxystrobin tolerance 
across fungicide concentrations and experimental temperatures was 
0.24, which was significantly higher than 0.16, the overall population 
differentiation (FST) in SSR marker loci (p < 0.0001).

4  | DISCUSSION

In this study, the temperature-mediated evolution of pesticide toler-
ance was investigated in the Irish famine pathogen P. infestans using 
a common garden approach (Yang et al., 2016; Zhan & McDonald, 
2011). Results reveal that thermal conditions in the experiments 
have a significant impact on the azoxystrobin tolerance of the 
P.  infestans populations (Table 1, Figure 2). This is consistent with 
previous reports involving other pathogen–pesticide interactions 
(He et al., 2018; Matthiesen et al., 2016; Rodríguez-Verdugo et al., 
2013; Zhang et al., 2015). More importantly, for the first time, we 
demonstrate that experimental temperature can strongly affect the 

F I G U R E  1   Correlation between azoxystrobin tolerance of 
Phytophthora infestans populations and average local temperature 
at the collection site. The tolerance, measured by the RGR of 
isolates in the presence to the absence of the fungicide, was 
estimated by taking the average across all isolates in each 
population under the three azoxystrobin concentrations. (0.05, 
0.10, and 0.30 μg/ml)

F I G U R E  2   Thermal reaction norm of Phytophthora infestans 
tolerance to azoxystrobin under five experimental temperatures. 
The tolerance, measured by the RGR of isolates in the presence 
to the absence of the fungicide, and its error bar (95% confidence 
intervals) were computed across all isolates in each population 
under the three azoxystrobin concentrations. (0.05, 0.10, and 
0.30 μg/ml)
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spatial distribution of pesticide tolerance across pathogen popula-
tions. As temperature in the experiments increased, spatial differen-
tiation in azoxystrobin tolerance among the P. infestans populations 
sampled from different geographic regions also increased (Figure 6, 
r = 0.947, p = 0.0133). These associations indicate that air tempera-
ture greatly affects the level and spatial variation of azoxystrobin ef-
ficacy, posing a challenge for a broad recommendation to chemically 
control plant diseases under future temperature scenarios (IPCC, 
2014). Under this scenario, any preventive or therapeutic strategies 
(e.g., pesticide types or doses) which are suitable for one geographic 
location or temperature may not be adequate for another location 
or temperature.

Statistical analysis reveals that P.  infestans populations varied 
significantly in azoxystrobin tolerance under all five experimental 

temperatures (Table 1). Both nonadaptive differentiation caused 
by a stochastic event [random genetic drift, (Stefansson et al., 
2014)] and adaptive differentiation caused by a determinant event 
(natural selection, (Olson-Manning et al., 2012)) can lead to the 
tolerance variation, but the two events can be separated by a 
comparative analysis of population differentiations in neutral ge-
nomes (FST) and azoxystrobin tolerance (QST) as described in pre-
vious publications (Qin et al., 2016; Yang et al., 2016). Stochastic 
events are expected to affect the entire genome equally, resulting 
in similar population differentiation in neutral genome and azox-
ystrobin tolerance. On the other hand, a determinant event should 
only affect sequences directly or indirectly involving biological 
and ecological functions, leading to a significant difference in 
population differentiation in QST and FST. When this comparative 

TA B L E  2   Duncan's multiple range tests for differences in the estimated maximum (Tmax), optimum (Topt.) and minimum (Tmin) temperatures 
(°C) of azoxystrobin tolerance in the Phytophthora infestans populations under the three azoxystrobin concentrations sampled (arranged 
from lowest mean annual temperature at the top to highest mean annual temperature at the bottom)

Population

0.05 μg/ml 0.10 μg/ml 0.30 μg/ml

Tmax Topt Tmin Tmax Topt Tmin Tmax Topt Tmin

Inner Mongolia 32.44D 18.54D 4.65AB 33.92A 20.62A 7.31B 30.02B 20.24B 10.46AB

Ningxia 35.28AB 19.69A 4.11BC 33.00AB 20.32AB 7.65AB 32.11A 21.06A 10.01B

Gansu 34.12BC 19.13BC 4.14BC 30.17C 19.44CD 8.71A 28.62BC 19.51BCD 10.39AB

Guizhou 36.01A 19.64AB 3.27C 29.82C 19.27CD 8.73A 27.42CD 19.51BCD 11.61A

Yunnan 32.43D 18.77CD 5.12A 33.08AB 19.79BC 6.50B 27.56CD 18.81D 10.06B

Hubei 34.73ABC 19.42AB 4.12BC 32.92AB 19.88ABC 6.84B 28.86BC 19.42CD 9.98B

Xiapu 29.85E 17.55E 3.33C 29.92C 18.79D 7.66AB 28.28BCD 19.69BC 11.10AB

Fuzhou 35.29AB 19.78A 4.26ABC 31.31BC 19.38CD 7.46B 27.76CD 18.94CD 10.13B

Guangxi 33.49CD 18.78CD 4.06BC 31.84ABC 19.78BC 7.73ABC 26.59D 18.94CD 11.30AB

Average 33.73 19.03 4.12 31.78 19.70 7.62 28.58 19.57 10.56

Note: Values followed by different letters in a column are significantly different from each other at p = 0.05 (as the fungicide concentration increases, 
the maximum range of temperature for growth decreases while the minimum temperature for growth increases).

F I G U R E  3   Impact of annual mean 
temperature at the collection sites on 
the mean (estimated from 0.05, 0.10, 
and 0.30 μg/ml fungicide concentrations) 
adaptive temperatures of Phytophthora 
infestans populations to azoxystrobin: 
(a) maximum temperature (Tmax); (b) 
optimum temperature (Topt); (c) minimum 
temperature (Tmin); and (d) temperature 
niche breadth (Tmax - Tmin)
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analysis was conducted in the study, we found that natural selec-
tion for genotypes adapting to local environments was responsible 
for the difference in azoxystrobin tolerance among the P. infestans 
populations sampled from different locations as indicated by a 
significantly higher QST than FST. Although other possibilities can-
not be completely excluded, local air temperature is one of the 
drivers for the spatial differentiation as shown by the strong as-
sociation between annual mean temperature at the collection site 
and azoxystrobin tolerance in the pathogen (Figure 1). Our study 
also shows positive associations of heritability and plasticity in 
azoxystrobin tolerance with experimental temperature (Figure 5), 
indicating that the two genetic parameters increase in parallel to 
elevating environmental temperature although the relationship in-
volving heritability was not significant. Heritability, measured by 
the proportion of additive genetic variance to phenotypic variance 

of traits (Andrew et al., 2010), is generated by permanent changes 
of genetic material in genomes, while plasticity is a phenome-
non whereby the same genotype produces different phenotypes 
through alternation of gene expression or enzymatic activity in re-
sponse to environmental fluctuations (Draghi & Whitlock, 2012). 
Both heritability and plasticity are heritable (Pelletier et al., 2007) 

F I G U R E  4   Correlation between the estimated maximum 
fungicide tolerance of the 180 Phytophthora infestans isolates 
and their estimated temperature niche breadth (Tmax - Tmin) at the 
three azoxystrobin concentrations: (a) 0.05 μg/ml azoxystrobin; (b) 
0.10 μg/ml azoxystrobin; and (c) 0.30 μg/ml azoxystrobin

TA B L E  3   Heritability and phenotypic plasticity in azoxystrobin 
tolerance

Temperature Plasticity (P) Heritability (H) P:H

13°C 0.16 0.08 2.00

16°C 0.23 0.28 0.82

19°C 0.23 0.11 2.09

22°C 0.36 0.28 1.29

25°C 0.33 0.24 1.38

Average 0.26 0.20 1.51

Note: The tolerance was measured by relative growth rate in the 
presence to the absence of fungicide, and its heritability and plasticity 
were estimated by using the mean azoxystrobin tolerance of the 
P. infestans isolates over three fungicide concentrations (0.05, 0.10, and 
0.30 μg/ml).

F I G U R E  5   The impact of experimental temperatures on the 
estimate of within-population variation in azoxystrobin tolerance: 
(a) Heritability and (b) Plasticity. The heritability and plasticity were 
estimated by using the mean azoxystrobin tolerance of P. infestans 
isolates across three fungicide concentrations (0.05, 0.10, and 
0.30 μg/ml)
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and fundamental to the ability of traits to evolve. Fisher's funda-
mental theorem of natural selection hypotheses that the ability 
of adaptation to changing environments is governed by genetic 
variance in heritable traits that is relevant to fitness (Fisher, 1930). 
Species with higher genetic variation are expected to have greater 
evolutionary potential and adapt more quickly to environmental 
stresses. Taken together, this result suggests that global warming 
may enhance the risk of pathogens developing pesticide resis-
tance, primarily through alternation of gene expression or enzy-
matic activity (plasticity), and further highlights the challenge of 
administrating pesticides to effectively control plant diseases for 
agricultural production and ecological sustainability under future 
climatic conditions (Laetz et al., 2014; Nørhave et al., 2012).

Models predict that global warming is likely to be accompa-
nied by an increased occurrence of extreme temperatures in both 
directions (Mann et al., 2018; Rahmstorf & Coumou, 2011). This 
pattern of thermal fluctuations is expected to select for pathogen 
phenotypes with broader temperature niches. It is, therefore, wor-
rying to find that pathogen genotypes with broader temperature 
niches also tend to have a higher level of tolerance to pesticides as 
demonstrated by the positive association between azoxystrobin 
tolerance and temperature niche breadth in P. infestans (Figure 4). 
This raises further concerns that the erosion of pesticide effi-
cacy may be escalated under global warming (Chan et al., 2018; 
Shuman, 2011).

A previous publication (Yang et al., 2016) demonstrated that 
the intrinsic growth rate of P. infestans in the absence of pesticides 
showed a bell-shaped distribution, initially increasing from 13°C, 
reaching a peak at 19°C, and then declining gradually as temperature 
rose further. Because azoxystrobin tolerance of P.  infestans in the 
current study was derived by the ratio of the intrinsic growth rate 
of the pathogen isolates in the presence to the absence of the pesti-
cide, it is expected that a mirror distribution (U-shaped) will be seen 
in the level of azoxystrobin tolerance, showing lowest tolerance 

at the optimum temperature for P.  infestans growth (~19°C). Such 
a U-shaped distribution was found in the toxicity of deltamethrin 
and bendiocarb, two pesticides used to eradicate malaria vectors 
Anopheles arabiensis and Anopheles funestus. In those interactions, 
toxicity reduced at both lower and higher than normal temperature 
(Glunt et al., 2018). Surprisingly, we found that azoxystrobin toler-
ance in P. infestans failed to follow this pattern; rather, it also followed 
a bell-shaped distribution (Figure 2). In addition to mutation in target 
genes (Holmes et al., 2016), pesticide tolerance can be achieved by 
many detoxifying processes in pathogens such as oxidation, reduc-
tion, hydrolysis, hydration, conjugation, condensation, and isomeri-
zation (Yang et al., 2013). All of these processes are associated with 
metabolic rate (Auer et al., 2018; Clarke, 2006). It is reasonable to 
believe that accelerated metabolism in cells at their optimum growth 
temperature facilitates these detoxifying processes, leading to the 
greatest pesticide tolerance at this thermal point. Pesticide toler-
ance through these detoxifying processes is likely to be nonspecific 
and can be adopted by pathogens to battle against a wide spectrum 
of artificial and natural substances.

In conclusion, our results indicate that air temperature plays an 
important role in the evolution of pesticide tolerance in pathogens. 
Global warming is expected to escalate evolutionary potential of 
pesticide tolerance in pathogens and to polarize its spatial distri-
bution, increasing the difficulty of managing the plant and human 
diseases effectively for agricultural production and ecological sus-
tainability in future climatic conditions. Previous studies found that 
P. infestans isolates with a same clonal lineage varied morphologically 
and functionally including pesticide tolerance (Saville et al., 2014; 
Schepers et al., 2018) and temperature sensitivity (Cooke et al., 2012; 
Mariette et al., 2016). In our study, some of multilocus genotypes in-
cluded in the experiment only differ in 1–2 loci and, therefore, could 
belong to the same clonal lineage. Regardless, this possibility would 
not affect our conclusions due to: (i) clonal lineages are more often 
found among isolates within a location than among locations and 
(ii) the same set of multilocus genotypes were used to measure the 
influences of experimental temperature on azoxystrobin tolerance.
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