
2566  |     J Appl Ecol. 2021;58:2566–2578.wileyonlinelibrary.com/journal/jpe

 

Received: 11 January 2021  |  Accepted: 16 July 2021

DOI: 10.1111/1365-2664.13978  

R E S E A R C H  A R T I C L E

Plant diversity ameliorates the evolutionary development of 
fungicide resistance in an agricultural ecosystem

Li- Na Yang1  |   Oswald Nkurikiyimfura2 |   Zhe- Chao Pan3 |   Yan- Ping Wang2 |   
Abdul Waheed2 |   Ruey- Shyang Chen4 |   Jeremy J. Burdon5 |   Qi- Jun Sui3 |    
Jiasui Zhan6

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2021 The Authors. Journal of Applied Ecology published by John Wiley & Sons Ltd on behalf of British Ecological Society

Li- Na Yang and Oswald Nkurikiyimfura contributed equally to the manuscript. 

1Institute of Oceanography, Minjiang 
University Fuzhou, China; 2Institute of Plant 
Virology, Fujian Agriculture and Forestry 
University, Fuzhou, China; 3Industrial Crops 
Research Institute, Yunnan Academy of 
Agricultural Sciences, Kunming, China; 
4Department of Biochemical Science & 
Technology, National Chiayi University, 
Chiayi, Taiwan; 5Plant Industry, CSIRO, 
Canberra, ACT, Australia and 6Department 
of Forest Mycology and Plant Pathology, 
Swedish University of Agricultural Sciences, 
Uppsala, Sweden

Correspondence
Jiasui Zhan, Department of Forest Mycology 
and Plant Pathology, Swedish University of 
Agricultural Sciences, Uppsala, Sweden.
Email: Jiasui.zhan@slu.se

Funding information
National Natural Science Foundation of 
China, Grant/Award Number: 31460368 and 
31901861

Handling Editor: Maria Fernanda Peñaflor 

Abstract
1. The evolution of fungicide resistance in agricultural and natural ecosystems is as-

sociated with the biology of pathogens, the chemical property and application 
strategies of the fungicides. The influence of ecological factors such as host di-
versity on the evolution of fungicide resistance has been largely overlooked but 
is highly relevant to social and natural sustainability. In this study, we used an ex-
perimental evolution approach to understand how host population heterogeneity 
may affect the evolution of fungicide resistance in the associated pathogens.

2. Potato populations with six levels of genetic heterogeneity were grown in the same 
field and naturally infected by Phytophthora infestans. Pathogen isolates (~1,200) 
recovered from the field experiment were molecularly genotyped. Genetically dis-
tinct isolates were selected from each population and 142 isolates were assayed 
for their tolerance to two fungicides differing in the mode of action. Tolerance was 
determined by calculating the relative growth rate of the isolates in the presence 
and absence of fungicides and the effective concentration for 50% inhibition.

3. The evolution of fungicide resistance in P. infestans was affected by the genetic 
variation of host populations. Higher potato diversification increased the sensitiv-
ity of P. infestans to both fungicides and reduced genetic variation of the pathogen 
available for the development of fungicide resistance. These mitigating effects are 
independent of biochemical properties of fungicides and are likely caused by host 
selection for pathogen strains differing in the ability of fungicide influxes, effluxes 
or detoxification rather than mutations in fungicide target genes.

4. Synthesis and applications. The development of fungicide resistance greatly threat-
ens food security and ecological sustainability, and it is urgent need to develop 
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1  | INTRODUC TION

Resilient agriculture seeks to increase the production of high- quality 
foods to meet immediate social and economic requirements while 
simultaneously maintaining healthy ecosystems to support the fu-
ture needs of society. Fungicide resistance is considered as a major 
challenge to agricultural sustainability, and an important and intrin-
sic component of social and natural sustainability (Fisher et al., 2018; 
Hahn, 2014). Plant diseases caused by microbes greatly threaten 
global food production and socio- economic development, causing 
annual yield reductions of 13%– 22% in major food crops and con-
comitant billions of dollars of economic loss (Burdon et al., 2020). 
Fungicides are among the main approaches to battle fungal and 
oomycete diseases. However, the development of fungicide resis-
tance increases the risk of plant disease epidemics, greatly threat-
ening food security and sustainability. In practice, such reductions 
in fungicide efficacy are usually countered by either increasing ap-
plication doses and frequency, or by developing new fungicides, in-
creasing economic costs of production and the potential for food 
contamination. Increased fungicide application may also elevate 
damage to biodiversity and impede ecological resilience in farming 
and adjacent areas (Fisher et al., 2018), thereby generating longer 
term negative impacts on future agricultural productivity and eco-
nomic development.

The evolution of fungicide resistance can arise from mutations 
and/or altered expression of target genes. Biology and physiology 
of pathogens are the main factors that affect the mutation, expres-
sion and fitness of target genes and, therefore, influence the evo-
lutionary potential of fungicide resistance (Grimmer et al., 2015). 
For example, pathogens with short generation times have a higher 
potential to develop fungicide resistance as short generation 
times ensure a greater chance of mutations within a given time- 
scale (Stecher et al., 2013; Zhan et al., 2002). Similarly, pathogens 

producing large number of sexual spores that travel long distances 
are also more likely to develop fungicide resistance due to their en-
hanced genetic variation and ability to spread novel mutants widely 
(Zhan et al., 2001, 2014).

The chemical property of effective compounds, that is, their 
mode of action, is another factor determining the evolutionary 
risk of fungicide resistance in pathogens (Hawkins & Fraaije, 2018; 
Jørgensen et al., 2017; Lucas et al., 2015). Fungicides can be divided 
into site- specific and site- non- specific groups based on their chemi-
cal properties. Site- specific fungicides disrupt key cellular processes 
of pathogens by binding their effective compounds to specific pro-
tein targets. Resistance to these fungicides arises relatively easily as 
it usually emerges due to mutation and enhanced expression of a sin-
gle gene (Lucas et al., 2015). In contrast, site- non- specific fungicides 
act on a range of cellular processes that impact collectively on the 
fitness of pathogens. Resistance to these fungicides results from a 
series of changes in many genes in pathogen genomes, and is there-
fore less likely to occur (Hawkins & Fraaije, 2018; Lucas et al., 2015).

Disease expression, epidemics and subsequent responses to 
fungicide management result from an ongoing interaction among 
pathogens, hosts and environments in an ecological framework. 
In addition to pathogen biology and fungicide properties, environ-
mental factors may also contribute to the development of fungi-
cide resistance in pathogens (He et al., 2018; Lurwanu et al., 2020). 
Pathogen biology and fungicide properties mainly affect the appear-
ance of new mutants conferring fungicide resistance. In contrast, 
environmental conditions not only affect the generation of resistant 
mutants through their impact on pathogen life cycles and fungicide 
toxicity, but also affect the maintenance of mutants in populations 
through influences on the type and intensity of selection (Mitchell 
et al., 2005). For example, it has been documented that environ-
mental homogeneity poses directional selection on pathogens, fa-
cilitating the development of fungicide resistance while disruptive 

agricultural practices which can ameliorate this problem. Our results show that po-
tato crop with a higher genetic diversity is associated with a late blight pathogen of 
higher fungicide sensitivity and lower potential of developing fungicide resistance, 
indicating that agricultural diversification such as through cultivar mixture can re-
duce the application dose and frequency of fungicides needed to achieve the same 
level of disease control, which, in turn, further reduce the selection pressure act-
ing on the pathogen populations and the evolutionary risk of developing fungicide 
resistance in pathogens. Together with benefits documented in other studies, our 
results indicate that crop diversification is an eco- friendly approach that not only 
ameliorate fungicide resistance but also help achieve social and ecological sustain-
ability by balancing the interaction among food security, socio- economic develop-
ment and ecological resilience and should be promoted.

K E Y W O R D S

biodiversity, disease management, fungicide resistance, mode of action, natural selection, 
Phytophthora infestans, plant pathogens, sustainability
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selection created by environmental heterogeneity reduces the evo-
lution of fungicide resistance (Rex Consortium, 2013).

Surprisingly, to date, studies of environmental impacts have 
been focused on the contribution of abiotic factors, in particu-
lar, application strategies of fungicides such as spatiotemporal 
variation in fungicide dose, frequency or compounds (Jørgensen 
et al., 2017; van den Bosch et al., 2014). In contrast, the influence 
of ecological factors such as host genetic diversity on the evo-
lution of fungicide resistance has been largely overlooked. Host 
population heterogeneity may benefit agricultural ecosystems in a 
diversity of ways: increasing crop yield and resilience, reducing dis-
ease epidemics, mitigating pathogen dynamics and improving soil 
health (Creissen et al., 2016; Yang et al., 2019; Zhu et al., 2000). 
However, it is not clear whether, and to what extent, host popula-
tion heterogeneity may affect the development of fungicide resis-
tance in pathogens.

In this study, we used the potato (Solanum tuberosum L.)– 
Phytophthora infestans interaction to study the impact of host het-
erogeneity on the evolution of fungicide resistance. In particular, 
we tested whether host diversity serves as a selection agent driving 
the development of fungicide resistance in P. infestans. Potato is the 
world's third largest food crop, contributing greatly to global food 
security and socio- economic development. Phytophthora infestans is 
the most destructive pathogen of potato and a major yield- limiting 
factor. Whole potato fields can be destroyed by the pathogen 
within a few days under favourable climatic conditions. The disease 
causes up to a 70% yield reduction, and annual economic losses 
has been estimated to be >$3 billion dollars world- wide (Fontem 
& Aighewi, 1993; Fry, 2008). Currently, late blight disease is mainly 
suppressed by frequent fungicide applications (Kirk et al., 2001). 
Continuous and intensive fungicide applications pose strong selec-
tion on the pathogen, resulting in a rapid development of fungicide 
resistance (Lucas et al., 2015). In turn, the typical response of in-
creasing application concentration and frequency to counter declin-
ing efficacy escalates the economic burden on farmers and creates 
negative effects on human health and agricultural resilience. There 
is, therefore, an urgent need to understand the eco- evolutionary 
mechanisms of fungicide resistance and use that knowledge to de-
velop mitigating approaches.

To achieve these goals, we grew 31 potato populations varying 
in genetic heterogeneity by planting six cultivars individually (mono-
cultures) or in combinations of an equal proportion (mixture) of two 
to six cultivars in the field (Yang et al., 2019). The host populations 
were challenged by P. infestans naturally, and pathogen populations 
were collected during the epidemics. Tolerance to the fungicides 
mancozeb and azoxystrobin was tested under laboratory conditions 
by measuring, and comparing, the relative growth rate (RGR) of the 
pathogen in the presence and the absence of the fungicides and the 
effective concentration for 50% inhibition (EC50) values. The two 
fungicides differ in mobility, function and mode of action. Mancozeb 
is a site- non- specific, multi- target contact fungicide that acts on 
plant surfaces and prevents the invasion of pathogens into host 
cells (Gullino et al., 2010), while azoxystrobin is a site- specific, single 

target fungicide that penetrates host cells and kills pathogens inside 
(Bartlett et al., 2002).

2  | MATERIAL S AND METHODS

2.1 | Phytophthora infestans populations and their 
genotyping

Phytophthora infestans populations used in the study originated 
from a field experiment aimed at understanding the ecological, evo-
lutionary and productive roles of biodiversity (Yang et al., 2019). 
The field experiment was conducted in 2012 in Yema, Yunnan, 
southwest China (26.10°N, 103.38°E)— one of the largest potato 
production regions in the country. Yunnan also represents one of 
the most diverse ecosystems in China and has environmental condi-
tions favourable for late blight epidemic. Consequently, the region 
routinely experiences severe late blight epidemics and is known to 
have the most complex population structure and fastest evolution 
of P. infestans in China (Wu et al., 2016). Detailed field experimental 
design and collection and molecular genotyping of the pathogen 
can be found in the previous publication (Yang et al., 2019). Briefly, 
six potato cultivars varying in agronomic traits and quantitative P. 
infestans resistance were grown alone (monoculture) or in random 
mixtures of equal proportions of two, three, four, five or six culti-
vars, generating six potato diversity levels in total. When grown 
in the field, all six cultivars were infected by the local P. infestans 
population with levels of disease in the six cultivars ranged from 63 
to 2,396 in AUDPC (area under the disease progress curve; Yang 
et al., 2019).

The experiment contained 31 host treatments (populations) 
with six host treatments in each of the monoculture, two- , three- , 
four-  and five- cultivar mixtures and one host treatment in the six- 
cultivar mixture (Table S1). The experimental treatments were laid 
out in a randomized complete block design with three replicates. 
Each host treatment was grown in a ~25- m2 plot. The potato treat-
ments were naturally infected by P. infestans spreading from the 
local surroundings, and no fungicides were applied during the whole 
potato growing season. To avoid the potential bias being introduced 
by a particular cultivar in the measurement of fungicide resistance, 
the 31 host treatments were constructed in such a way that each 
cultivar was equally represented in each of the six diversity groups 
(Table S1).

In the middle of epidemics, potato leaves infected with 
P. infestans were collected from all experimental treatments. 
Approximately 20 infected leaves were collected from the inner 
rows of each plot with only one leaf sampled from any given plant. 
Each sampled leaf was placed separately into a sandwich bag to 
prevent cross- contamination and taken to the laboratory for patho-
gen isolation and purification. Only one single P. infestans strain 
was isolated from each leaf with ~1,200 P. infestans isolates being 
collected from the entire experiment. The P. infestans isolates were 
grouped into six populations each corresponding to one of the six 
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host diversity levels by combining isolates from the same host di-
versity level. For example, isolates from all six monoculture culti-
vars were grouped together into a P. infestans population with the 
host diversity level of 1. Similarly, isolates from all six two- cultivar 
mixtures were grouped together into a P. infestans population 
with the host diversity level of 2 and so on. Genotypes of the P. 
infestans isolates were determined by molecular amplification of 
genomic DNA with SSR markers, restriction enzyme- PCR ampli-
fication of mitochondrial haplotypes, mating type and sequence 
analysis of Avr3a and Avripio effector genes (Yang et al., 2019; Zhu 
et al., 2015). Isolates differing in any of these markers were consid-
ered as distinct genotypes.

2.2 | Fungicide tolerance measurement

To rule out potential over- representation of genotypes from clonal 
reproduction, only P. infestans isolates with distinct genotypes were 
selected and tested for fungicide tolerance. Same dominant geno-
types were detected in P. infestans populations from the six cultivars 
grown in monoculture or from different mixtures, and no evidence for 
isolate– cultivar association was found (Yang et al., 2019). When mul-
tiple isolates of a particular genotype were detected in a P. infestans 
population, only one of them was included for fungicide test. Prior 
to the fungicide test, isolates maintained at long- term storage were 
revived on rye B agar at 18°C for 8 days. Mycelial plugs (ϕ = 5 mm) 
taken from the margins of revived colonies were transferred to fresh 
9- cm rye B agar plates either amended with four concentrations (5, 
10, 15 and 20 μg/ml) of mancozeb, four concentrations (0.01, 0.05, 
0.1 and 0.15 μg/ml) of azoxystrobin or without the supplementa-
tion of the fungicides (controls). These were then cultured at 18°C 
in the dark for 8 days. All fungicide treatments and controls were 
replicated three times, and all plates were laid out in a completely 
randomized design in incubators. Colonies were photographed daily 
between 2 and 8 days post- inoculation and their areas were meas-
ured using Assess (Lamari, 2002). A total of ~50,000 [142 isolates × 2 
fungicides × 3 replicates × 8 treatments (4 concentrations + 4 con-
trols) × 7 measures] data were collected from the fungicide tests.

2.3 | Statistical analysis

The growth rate of isolates was estimated using a logistic model 
(Aguayo et al., 2014) based on colony sizes quantified at each 
time point over the 8- day inoculation period under each fungicide 
concentration and control. The initial colony size at the inocula-
tion day was set to 0.2 cm2 (πr2 = 3.14 × 0.252), and the capacity 
of colony growth (K) for the logistic model was set to 63.59 cm2 
(πr2 = 3.14 × 4.52, here 4.5 is the radius of Petri dishes). Pathogen 
tolerance to mancozeb and azoxystrobin was measured by RGR and 
EC50 (Brunner et al., 2016; Zhan et al., 2006). The mean relative 
growth rate (MRGR) of isolates was calculated by taking the aver-
age of the RGRs at the four fungicide concentrations. The analyses 

of variance for fungicide tolerances were performed using the 
general linear model procedure of SAS where ‘concentration’ was 
treated as a fixed variable and ‘isolate (host diversity)’ and ‘host 
diversity’ as random variables. Least significant difference (LSD) 
(Kokalis- Burelle et al., 2013) was used to compare fungicide toler-
ance among the six host diversity levels of P. infestans populations.

SSR data of the isolates were taken from a previous publication 
(Yang et al., 2019), and population differentiation in SSR loci among 
the pathogens from different host diversity levels was estimated by 
GST (Nei, 1987) using Popgene 3.2 (Yang et al., 1996). Phenotypic vari-
ance in RGR was partitioned into sources attributable to differences 
among host diversity, among isolates within host diversity, fungicide 
concentration and isolate– concentration interaction using SAS GLM 
and VARCOMP programs (SAS 9.3 Institute) as described previously 
(Yang et al., 2016). Population differentiation (QST) in RGRs among 
pathogen isolates from different host diversity levels was estimated in 
a way like GST by calculating the proportion of total genetic variation 
attributable to among- population variation as follows: 

where �2
AP

 and �2
WP

 represent the genetic variance in RGR attributed 
to among- population (host diversity) and within- population vari-
ation respectively. The population differentiation was estimated 
by calculating both pairwise (considering only two diversity levels 
each time) and overall (considering all six diversity levels together 
at one time) QST and GST. The overall QST and GST were compared 
by t- tests using standard deviations generated from 100 bootstrap-
ping resamples of the original RGRs as described previously (Zhan 
& McDonald, 2011).

The genetic and epigenetic effects of host diversity on fungicide 
tolerance were measured by heritability and phenotypic plasticity. 
The heritability of RGR in populations was estimated by dividing ge-
netic variance within the population by total phenotypic variance. 
The phenotypic plasticity of RGR was calculated by dividing the vari-
ance of isolate– concentration interaction by total phenotypic vari-
ance (Tonsor et al., 2013). Associations among fungicide tolerances, 
population differentiation and host diversity levels were evaluated 
by Pearson correlation (Ott, 1992).

3  | RESULTS

3.1 | Frequency distribution of fungicide tolerance 
in Phytophthora infestans populations from different 
host diversity levels

RGRs of both fungicides displayed a continuous and unimodal dis-
tribution with right shifts as the host diversity level decreased when 
the P. infestans populations from different host diversity levels were 
considered individually (Figure 1a,b). These patterns were consistent 
across all fungicide concentrations (Figures S1 and S2). Combined 

QST =

�
2

AP

�
2

AP
+ �

2

WP

,
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RGRs also displayed a continuous and unimodal distribution when 
the P. infestans populations from different host diversity levels were 
pooled (Figure 1c,d). The combined RGRs ranged from 0.38 to 0.81 
with a mean of 0.59 and from 0.50 to 0.84 with a mean of 0.66 for 
mancozeb and azoxystrobin respectively (Figure 1).

EC50 values ranged from 6.60 to 20.65 μg/ml with a mean of 
10.22 μg/ml for mancozeb and from 0.05 to 0.22 μg/ml with a mean 
of 0.12 μg/ml for azoxystrobin (Figure 2). Consistent with RGRs, 
EC50 for mancozeb and azoxystrobin also displayed a continuous 
and unimodal distribution regardless of whether the P. infestans 
populations were considered individually according to each host 
diversity level or combined. For mancozeb EC50, the same pattern 
was observed among the pathogen populations from different host 
diversity levels with a more right- spread distribution towards popu-
lations taken from lower diversity host populations (Figure 2a). For 
azoxystrobin EC50, the frequency distribution gradually shifted to 
the right as host population diversity decreased (Figure 2b).

3.2 | Fungicide tolerance significantly differed 
among P. infestans populations from different host 
diversity levels

Host diversity, isolate, concentration and/or isolate– concentration 
interactions all significantly affected P. infestans tolerance to 

mancozeb and azoxystrobin measured with RGR and EC50 
(p < 0.0001; Table S2). In all cases, P. infestans populations from 
host diversity 5 and 6 displayed significantly lower mancozeb and 
azoxystrobin tolerance (lower RGR and EC50) than those from 
host diversity 1 and 2 (Table 1). In most cases, P. infestans popu-
lations from host diversity 3 and 4 displayed significantly lower 
mancozeb and azoxystrobin tolerance than those from host diver-
sity 1 and 2, but significantly higher mancozeb and azoxystrobin 
tolerance than those from host diversity 5 and 6. These associa-
tion patterns were consistent across all individual concentrations 
of the two fungicides.

3.3 | Natural selection driven by host population 
diversity rather than genetic drift is the primary 
mechanism for P. infestans divergence in 
fungicide tolerance

Evolutionary mechanisms responsible for the difference in fungi-
cide tolerance among P. infestans populations can be determined 
through the comparative analysis of genetic differentiation in fun-
gicide resistance (QST) and in neutral SSR markers (GST). Significant 
difference between QST and GST would suggest that the population 
polymorphism in fungicide resistance resulted from natural selec-
tion driven by host population diversity while similar QST and GST 

F I G U R E  1   Frequency distribution of mancozeb and azoxystrobin tolerance in the Phytophthora infestans populations collected from 
different host diversity: (a) relative growth rate (RGR) on mancozeb in each P. infestans population; (b) RGR on azoxystrobin in each P. 
infestans populations; (c) combined RGR (CRGR) for mancozeb when P. infestans isolates from different populations were pooled; and (d) 
combined RGR (CRGR) for azoxystrobin when P. infestans isolates from different populations were pooled
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values would suggest that the difference in fungicide resistance 
among P. infestans populations was generated by genetic drift. The 
pairwise GST across the SSR marker loci ranged from 0.00 to 0.10 
with an average of 0.03, while the pairwise QST for mancozeb and 
azoxystrobin tolerance ranged from 0.00 to 0.31 with an average 
of 0.08 and from 0.00 to 0.65 with an average of 0.22 (Table S3) re-
spectively. Pairwise QST in mancozeb and azoxystrobin tolerances 
was positively associated with each other and linearly increased 
with the increasing difference in host diversity level (Figure 3). 
Pairwise GST did not correlate with difference in host diversity 
(Figure 3). The overall QST in mancozeb and azoxystrobin tolerance 
was 0.05 and 0.25, respectively, which was significantly higher 
than the overall GST (0.03) when the P. infestans isolates from the 
six host diversity levels were combined.

3.4 | Host genetic diversity negatively affects P. 
infestans tolerance to fungicides

Both RGR and EC50 of the fungicides were negatively associated with 
host diversity level regardless of whether the analysis was performed 
on individual fungicide concentrations (Figures S3 and S4) or pooled 
across all concentrations (Figure 4). Host diversity level was also nega-
tively associated with the phenotypic variance of P. infestans tolerance 
to mancozeb measured by either RGR or EC50 (Figure 5a, c). The nega-
tive relationship with respect to P. infestans tolerance to azoxystrobin 

was significant for the EC50 assessment (Figure 5d), but not significant 
with respect to variance in RGR for azoxystrobin (Figure 5b).

3.5 | Epigenetics plays a more important role than 
genetics in fungicide tolerance of P. infestans

The heritability of mancozeb tolerance ranged from 0.022 to 
0.054 with a mean of 0.036 while plasticity ranged from 0.053 to 
0.076 with a mean of 0.064 (Table 2). The plasticity was 1.19– 3.46 
(mean = 1.79) fold higher than the heritability. For azoxystrobin 
tolerance, heritability ranged from 0.010 to 0.052 with a mean of 
0.026 while plasticity ranged from 0.087 to 0.148 with a mean of 
0.115. The plasticity was 1.65– 8.82 (mean = 4.39) fold higher than 
the heritability (Table 2). The plasticity and heritability ratio tended 
to increase as host diversity level increased for both mancozeb and 
azoxystrobin, but none of the associations were significant (r = 0.58, 
0.16 and p = 0.2276, 0.7475 respectively).

3.6 | Concordant impact of host diversity on P. 
infestans tolerance to fungicides with different 
chemical properties

Mancozeb is a multi- target contact fungicide while azoxystrobin is 
a site- specific systemic fungicide. Phytophthora infestans tolerances 

F I G U R E  2   Frequency distribution of mancozeb and azoxystrobin tolerance determined by EC50 in the Phytophthora infestans populations 
collected from different host populations diversity: (a) mancozeb in each P. infestans population; (b) azoxystrobin in each P. infestans 
population; (c) combined mancozeb EC50 when P. infestans isolates from different populations were pooled; and (d) combined azoxystrobin 
EC50 when P. infestans isolates from different populations were pooled
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to mancozeb and azoxystrobin measured by either RGR or EC50 
were positively correlated regardless of whether the association 
was evaluated at the population level (Figure 6a,b) or at the individ-
ual isolate level (Figure 6c,d). This result indicates that the negative 
impact of host genetic diversity on the development of fungicide 
resistance in P. infestans was not affected by the mode of action of 
the fungicides.

4  | DISCUSSION

We found that P. infestans populations collected from differ-
ent potato diversity levels varied significantly in mancozeb and 
azoxystrobin tolerance (Table 1; Table S2). Given the randomized 
experimental design, the use of locally certified clean seed and 
the collection of pathogen isolates at the same time point of the 

F I G U R E  3   Impact of host population diversity on pairwise population differentiation of Phytophthora infestans: (a) QST in mancozeb 
tolerance; (b) QST in azoxystrobin tolerance; (c) GST in neutral SSR markers; and (d) correlation between QST of mancozeb and azoxystrobin 
tolerance

F I G U R E  4   Impact of host population 
diversity on fungicide tolerance: 
(a) relative growth rate (RGR) on 
mancozeb; (b) EC50 of mancozeb; (c) 
RGR on azoxystrobin; and (d) EC50 of 
azoxystrobin
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epidemics, it is reasonable to believe that the pathogen isolates 
tested for fungicide tolerance originated from the same local source 
population consisted of many genotypes and hence had the same 
initial level of tolerance to the two fungicides. Although passage 

experiments documented that beneficial mutations might quickly 
emerge in P. infestans genomes after the pathogen was challenged 
by UV (Wang, 2021) and/or temperature stresses (Wu et al., 2020), 
we hypothesize that the unexpected results demonstrated in the 

F I G U R E  5   Impact of host diversity 
on the variation of fungicide tolerance 
in Phytophthora infestans: (a) RGR on 
mancozeb; (b) RGR on azoxystrobin; 
(c) EC50 of mancozeb; and (d) EC50 of 
azoxystrobin

TA B L E  2   Heritability and plasticity of mancozeb and azoxystrobin tolerance measured by the relative growth rate (RGR) in the six 
Phytophthora infestans populations collected from different host diversity

Diversity

Mancozeb Azoxystrobin

Heritability Plasticity P:H Heritability Plasticity P:H

1 0.054 0.063 1.16 0.052 0.087 1.65

2 0.036 0.061 1.72 0.010 0.089 8.82

3 0.032 0.076 2.37 0.019 0.116 6.22

4 0.047 0.056 1.19 0.019 0.148 7.99

5 0.022 0.075 3.46 0.035 0.104 2.95

6 0.024 0.053 2.24 0.023 0.148 6.55

Average 0.036 0.064 1.79 0.026 0.115 4.39

r −0.748 −0.156 0.582 −0.250 0.745 0.163

F I G U R E  6   Associations between 
mancozeb and azoxystrobin tolerance 
in Phytophthora infestans: (a) population 
mean of relative growth rate (RGR); 
(b) population mean of EC50; (c) RGR 
of individual isolates; and (d) EC50 of 
individual isolates
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experiment were mainly caused by an adaptive process of P. infestans 
populations in response to selection imposed by host genetic diver-
sity. This view is supported by the observed higher overall QST than 
GST values in the comparative analysis of population differentiation 
between SSR markers and the measurements of fungicide tolerance, 
and by the positive association between population divergence in 
fungicide tolerance and host diversity level (Figure 3). Further analy-
sis showed that host population diversity had a negative impact on 
P. infestans tolerance to mancozeb and azoxystrobin (Figure 4), sug-
gesting that within- host population heterogeneity through cultivar 
mixing selects for pathogens with a higher fungicide sensitivity. We 
therefore argue that this host population diversity approach can be 
used along with other diversification strategies such as the spatial 
and temporal deployment of different chemical compounds (Lucas 
et al., 2015; Parnell et al., 2006), to sustainably maintain fungicide 
efficacy in agricultural ecosystems.

Variation is a key parameter determining the evolutionary adap-
tation of living organisms to environments. Pathogens with higher 
variation tend to response faster and adapt better to environmental 
stresses than those with lower variation (Zhan & McDonald, 2013; 
Zhan et al., 2015). One of the main concerns in adopting a heteroge-
neity approach to manage plant pathogens is that it may select for 
great pathogen variation, thereby increasing evolutionary potential 
of developing fungicide resistance (Lannou, 2001). The finding of a 
negative association between host potato diversity level and vari-
ation of P. infestans tolerance (Figure 5) indicates that host hetero-
geneity reduces the evolutionary potential and increases the time 
required to develop fungicide resistance in pathogens. In addition, 
previous results showed that host genetic diversification signifi-
cantly reduced the aggressiveness and enhanced the latent period 
of pathogens, leading to significantly less severe disease outbreaks 
(Yang et al., 2019). Lower fungicide tolerance, mitigated aggres-
siveness and extended latent periods of pathogens associated with 
higher host populations diversity reduce the fungicide dose and 
application frequency needed to achieve the same level of disease 
control, relaxing selection pressure acting on pathogen populations 
(Burdon et al., 2016) thereby, further retarding the evolutionary de-
velopment of fungicide resistance.

Both genetic differentiation (genetics) and plasticity (epi-
genetics) contribute to the evolutionary adaptation of biological 
traits to environments in pathogens (Huchard et al., 2014; Mohd- 
Assaad et al., 2016). However, the relative role of the two adaptive 
mechanisms can vary substantially among the traits. Genetic differ-
entiation is determined by accumulative sequence variation in the 
genes associated with a phenotypic value of traits, while plasticity is 
a phenomenon whereby a genotype produces different phenotypes 
in response to environmental variation through changes in gene 
expression and/or enzymatic activity (Zhan & McDonald, 2011). 
Evolutionary adaptation resulting from both genetic and epigenetic 
phenomena is heritable (Pelletier et al., 2007) with genetic adap-
tation usually serving as a reinforcement of epigenetic adaptation 
(Draghi & Whitlock, 2012). We found that plasticity was several fold 
higher than the heritability irrespective of fungicide types and host 

diversity level (Table 2), indicating that plasticity plays a more import-
ant role in the development of fungicide resistance in P. infestans.

Mancozeb is a multi- target contact fungicide while azoxystrobin 
is a site- specific systemic fungicide. Resistance to site- non- specific 
fungicides is developed as a consequence of sequential gene muta-
tions in many independent genes over the pathogen genome. Each 
mutation contributes quantitatively and accumulatively to the re-
sistance (Lucas et al., 2015). On the other hand, resistance to site- 
specific fungicides usually emerges from single point mutations in 
target genes (Lucas et al., 2015). Interestingly, we found a positive 
association between the tolerances of P. infestans to mancozeb and 
azoxystrobin (Figure 6), indicating that the negative impact of host 
population genetic diversity on the evolution of fungicide resistance 
in P. infestans might be a general phenomenon and independent of 
biochemical features of fungicides (Figure 6). In addition to muta-
tion of the target cytochrome b gene, resistance to azoxystrobin is 
an amalgam of multiple mechanisms involving an array of genetic, 
biochemical and/or physiological processes in pathogens. The al-
tered expression of ATP- binding cassette transporters and major fa-
cilitator superfamily transporters (Matić et al., 2019; Stergiopoulos 
et al., 2002) are also deployed by plant pathogens to resist the 
impact of site- non- specific fungicides such as mancozeb (Cabrito 
et al., 2011). It is likely that reduced influxes or increased effluxes 
and detoxification of unrelated chemical compounds associated with 
synergistic changes in these genetic, biochemical and/or physiologi-
cal processes by pleiotropy (Fernández- Ortuño et al., 2008; Omrane 
et al., 2015), rather than simultaneous mutations in the correspond-
ing target genes, contribute to the enhanced efficacy of fungicides 
in controlling P. infestans under conditions of high host population 
genetic diversity. Pleiotropy together with the quantitative features 
generated by multiple resistance mechanisms may also contribute 
to the observed continuous variation of mancozeb and azoxystrobin 
tolerance in the pathogen populations (Figures 1 and 2; Figures S1 
and S2).

Our findings have multifaceted implications not only for effec-
tive and durable fungicide management but also for sustainable de-
velopment. One of the most pressing challenges in agriculture is how 
to ensure food security, resource conservation and socio- economic 
stability and development while maintaining healthy, sustainable 
ecosystems capable of quickly adapting to changing environments 
(Garibaldi et al., 2017; Tscharntke et al., 2012). Plant disease man-
agement in agriculture particularly involves many social, economic 
and ecological considerations that are not easily reconciled due to 
complex interactions that generate a range of trade- offs (Garibaldi 
et al., 2017; Tscharntke et al., 2012). Selection for increased fungi-
cide efficacy (Figure 4), reduced evolutionary potential of pathogens 
(Yang et al., 2019; Zhu et al., 2000), decreased fungicide dose and 
application frequency, enhanced plant productivity, enriched soil mi-
crobial diversity (Yang et al., 2019) and increased nutrient efficiency 
through higher host population heterogeneity simultaneously im-
prove the supply of high- quality food (less fungicide residue), farm 
income, resource conservation and ecological resilience, therefore, 
fulfil sustainable development goals (Toledo & Burlingame, 2006). 
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Although our results are derived from the potato– P. infestans inter-
action, similar contributions may also exist in other pesticides, anti-
biotic drugs or host– pathogen associations. This possibility is worthy 
of further pursuit.
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