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Abstract

The evolution of resistance poses an ongoing threat to crop protection.
Fungicide resistance provides a selective advantage under fungicide selec-
tion, but resistance-conferring mutations may also result in fitness penalties,
resulting in an evolutionary trade-off. These penalties may result from the
functional constraints of an evolving target site or from the resource al-
location costs of overexpression or active transport. The extent to which
such fitness penalties are present has important implications for resistance
management strategies, determining whether resistance persists or declines
between treatments, and for resistance risk assessments for new modes of ac-
tion. Experimental results have proven variable, depending on factors such as
temperature, nutrient status, osmotic or oxidative stress, and pathogen life-
cycle stage. Functional genetics tools allow pathogen genetic background to
be controlled, but this in turn raises the question of epistatic interactions.
Combining fitness penalties under various conditions into a field-realistic
scenario poses an important future challenge.
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INTRODUCTION

Control of fungal plant diseases has a long history, but chemical control on an industrial scale took
off only during the second half of the nineteenth century (115). Initially, preparations based on
inorganic sulfur, lime, and copper compounds were produced. Organic broad-spectrum multisite-
acting fungicides with protectant properties such as dithiocarbamates and phthalimides were de-
veloped from 1940–1960. Further advances in crop protection were made beginning in the 1970s
with the introduction of systemic single-site fungicides with protectant and eradicant proper-
ties, such as methyl benzimidazole carbamates (MBCs), sterol biosynthesis inhibitors [different
classes, including demethylation inhibitors (DMIs; azoles) and amines], quinone outside inhibitors
(QoIs), and succinate dehydrogenase inhibitors (SDHIs). Systemic fungicides have become key
components of disease management programs ensuring profitable and high-quality production of
a range of commodities, including staple crops such as wheat, rice, and soybeans, and, therefore,
providing an important contribution to food security and safety (e.g., reduction of mycotoxins).
Figure 1 shows the importance of different fungicide groups in controlling foliar cereal diseases
in the United Kingdom over time.

Fungicides targeting a single biochemical step generally have a low toxicological profile for
humans and other non-target organisms but are also prone to resistance development. Resistance
development and tighter regulations on the registration and usage of fungicide active substances,
resulting in the removal of products from the market as well as a slowing pipeline of new prod-
ucts due to increased costs, are reducing the range of available chemical classes (80). A greater
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Figure 1
Relative importance of different fungicide groups used as foliar sprays to control fungal cereal diseases in the
United Kingdom over time. In total 56 active substances were identified, belonging to dicarboximides (1),
inorganics [sulfur and copper compounds (5)], anilinopyrimidines (1), mildewicides [azanaphtalenes (2),
arylphenylketones (2), and phenylacetamides (1)], amines (4), succinate dehydrogenase inhibitors (SDHIs)
(6), multisites [dithiocarbamates (3), phthalimides (1), and chloronitriles (1)], methyl benzimidazole
carbamates (MBCs; 3), demethylation inhibitors (DMIs; 18), and quinone outside inhibitors (QoIs; 8). Area
treated refers to the active substance treated area. This is the basic area treated by each active substance,
multiplied by the number of times the area was treated. Figure is based on data collected by the Pesticide
Usage Survey Teams at Fera Science Ltd, the Scottish Agricultural Science Agency, and the Agri-Food and
Biosciences Institute of Northern Ireland (https://secure.fera.defra.gov.uk/pusstats/).
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dependence on fewer modes of action increases the selective pressure for further cases of resis-
tance. In order to increase the shelf life of new and currently available actives, evolution-smart
integrated pest management strategies are needed. Strategies based on different dose rates, alterna-
tions, and mixtures of fungicides have been advocated to reduce the selection of resistance. Owing
to resistance development to QoIs and azoles in field populations of Zymoseptoria tritici, the most
important foliar wheat pathogen in the United Kingdom, multisite fungicides, chlorothalonil
in particular, are increasingly being used as mixing partner for azoles and/or SDHI fungicides
(Figure 1). The emergence and further selection of individuals with genetic changes conferring
reduced fungicide sensitivity are dependent on their ability to compete with other individuals in
the population in the presence or absence of fungicides. The eventual outcome is dependent on
the fitness costs associated with the mutations that contribute to resistance. Developing rational
resistance management strategies depends on whether the evolutionary outcomes of such strate-
gies are predictable, and there is a need for more empirical data on the fundamental evolutionary
processes underlying the selection of resistance. This article provides a review of pathogen fitness
penalties associated with the evolution of fungicide resistance to the most important groups of
systemic fungicides with broad-spectrum activity.

EVOLUTIONARY BIOLOGY OF RESISTANCE

Fungicide use exerts a selective pressure, under which resistant genotypes are fitter than sensitive
genotypes (89). The resistant genotypes may emerge de novo under fungicide selection (124) or
be selected from standing genetic variation (58) and may result in effectively full resistance with a
single mutation (6) or a more continuous shift as multiple mutations accumulate (37).

Although biocides can exert a very strong selective pressure in favor of resistance, this selective
advantage may be offset by fitness costs. This has been reported for some classes of antibiotic
resistance (150). Fitness penalties may reduce the overall selective advantage of resistance under
fungicide treatment (129), but more significantly they may even lead to reversals of resistance
evolution given sufficient gaps in treatment (1). When resistance mutations are considered in
terms of a fitness landscape, resistance is the fitness component used as the vertical dimension
(110); however, where those mutations have other impacts on fitness, the adaptive landscape
could be very different in the absence of fungicide selection or at lower doses (101).

However, subsequent compensatory mutations can sometimes reduce the fitness penalties as-
sociated with resistance-conferring mutations (150). More generally, epistatic interactions mean
the overall fitness impact of a resistance mutation may be affected by other resistance mutations,
compensatory mutations, or the genetic background in which they occur (110).

The main molecular mechanisms of fungicide resistance are listed in Table 1. Direct fitness
penalties may result from allocation costs or functional trade-offs depending on the resistance
mechanism, whereas indirect costs depend on the evolutionary origin and strength of selection of
resistance.

Target-site resistance involves point mutations in the coding region of the gene, which are
therefore subject to functional constraints. The mutations must lead to decreased fungicide-
enzyme binding, resulting in potential trade-offs with the need to retain the original, often essential
enzyme function (36). Penalties for enzyme function may be detected through their impact on
the affected metabolic pathway: for example, altered sterol composition for azole-resistant CYP51
mutants (11); increased osmotic sensitivity for dicarboximide resistance (85); or respiratory im-
pairment or oxidative stress sensitivity for QoI or SDHI resistance (6, 16). However, functional
constraints have been detected even in the case of metabolic resistance to antibiotics, where
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Table 1 Overview of resistance mechanisms in key groups of systemic fungicides and selection of references discussed in
this paper

Group name
Target site and

codea
Target-site
alterations

Target-site
overexpression

Altered
efflux
pump

activity
Metabolic

circumvention
Metabolic

detoxification
Methyl benzimidazole
carbamates (MBCs)

β-tubulin assembly
in mitosis (B1)

�
(9, 19, 32)

�
(105)

– – –

Succinate
dehydrogenase
inhibitors (SDHIs)

Complex II: succinate
dehydrogenase
(C2)

�
(3, 54, 79)

– �
(106)

– –

Quinone outside
inhibitors (QoIs)

Complex III: Qo site
of cytochrome bc1
(C3)

�
(76, 97, 120)

– �
(106)

�
(139)

�
(65)

Anilinopyrimidines Methionine
biosynthesis (D1)

?
(102)

– �
(102)

– –

Phenylpyrroles MAP/histidine
kinase in osmotic
signal transduction
(E2)

�
(48, 113)

– �
(77)

– –

Dicarboximides MAP/histidine
kinase in osmotic
signal transduction
(E3)

�
(48, 113)

– �
(77)

– –

Demethylation
inhibitors (DMIs)
(SBI: class I)

C14 demethylase in
sterol biosynthesis
(G1)

�
(23, 36, 75)

�
(33, 35, 58)

�
(77, 106,

142)

�
(27)

�
(74)

Amines or morpholines
(SBI: class II)

�14-reductase and
�8→�7-isomerase
in sterol biosynthesis
(G2)

– – – – –

aGroup name, target site, and code based on FRAC Code List 2017 (http://www.frac.info).
Abbreviation: MAP, mitogen-activated protein.

resistance is directly linked to increased enzyme activity, due to trade-offs between enzyme activ-
ity and protein stability (137); stability trade-offs also apply to target-site mutations.

Some mutations can result in negative cross-resistance. Fitness penalties are generally defined
as making the resistant strain less fit than the sensitive strains in the absence of a fungicide,
whereas negative cross-resistance can be seen as a fitness penalty in the presence of a different
fungicide. Negative cross-resistance is generally associated with target-site resistance, as the effects
on fungicide binding may be compound-specific binding, whereas overexpression tends to produce
positive cross-resistance across a mode of action. For example, the two Z. tritici CYP51 mutations
V136A and I381V each have opposite effects on sensitivity to the two azole fungicides prochloraz
and tebuconazole (38), whereas a CYP51 promoter insertion causes reduced sensitivity to all azoles
(35).

Metabolic circumvention also results in functional trade-offs. Alternative metabolic pathways
that bypass the inhibited catalytic step may enable survival but are generally less efficient than
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the primary pathway that has evolved in the absence of fungicide selection. Co-option of alter-
native oxidase (AOX) as a terminal electron acceptor allows aerobic respiration to continue when
cytochrome b is inhibited but with 2.5-fold lower ATP production per NADH (139). ERG3 loss-
of-function mutations avoid production of 14-methyl-3,6-diol under CYP51 inhibition, resulting
in the production of 14-methyl fecosterol, which is nontoxic but less optimal than ergosterol for
fungal cell membrane function (66).

Resistance mechanisms involving overexpression, whether of the target site, efflux pumps,
or detoxification enzymes, incur a resource allocation cost. Such allocation costs have previously
been described in relation to pathogen resistance in host plants and associated yield penalties (134).
Overexpression of a protein, at levels above those required in the absence of fungicide, requires the
diversion of energy and nutrients from growth and reproduction. These costs are more applicable
where simple repeats or transposon insertions in the promoter lead to constitutive upregulation.
Costs are less for inducible upregulation, where the extra enzyme is produced only when needed
(i.e., in the presence of the fungicide), but such changes to transcriptional regulation require
more complex adaptations, which are less likely to evolve de novo. In the case of efflux, active
transport also incurs a direct energetic cost, with ATP-binding cassette transporters hydrolyzing
ATP directly and transporters belonging to the major facilitator superfamily (MFS) utilizing a
transmembrane proton-motive force (42).

Constitutive overexpression may also result in functional trade-offs, with problems caused by
excess protein and loss of regulation (138). Conversely, if a fungus is able to compensate for
reduced enzyme activity of target-site mutants through upregulation (11), this shifts the trade-off
to an allocation cost.

Where a de novo mutation spreads rapidly, resulting in a hard selective sweep, the associated
alleles of linked genes increase in frequency and diversity in linked genes decreases (21). Fungicide
selection has been shown to lead to reduced diversity in neutral genetic markers (133). Whether
this can also result in fitness penalties and/or affect potential mechanisms for reversion of resistance
in the population depends on whether any linked alleles are deleterious; whether linked diversity
includes conditionally useful alleles, such as virulence on different host varieties or adaptation
to different climates; and whether subsequently selected mutations (such as resistance to further
fungicides) occur in a sensitive or resistant genetic background. Furthermore, the occurrence of
fungicide resistance in a locally adapted genetic background may reduce its ability to spread to
regions where that genetic background is maladapted, resulting instead in multiple independent
origins in different regions (20).

DETECTING FITNESS COSTS

Evidence of fitness costs can range from field observations that resistance to a given class of fungi-
cides has not emerged as quickly as might otherwise be expected to the elucidation of the precise
biochemical basis of a deleterious effect of a resistance mutation. The different methods for exper-
imentally testing a hypothesis of fitness penalties generally involve a compromise between adding
inclusive fitness measurements and reducing confounding variables. On a scale from inclusive but
variable to controlled but limited, experiments may use field populations, field isolates, labora-
tory mutants, or isogenic transformants; may be conducted in the field, in planta in a glasshouse
or controlled environment, in vitro with fungal cultures, or in vitro with isolated organelles or
enzymes; and may measure competition outcomes, inclusive fitness of single isolates, or individual
fitness components.

In field populations, fitness penalties are sometimes invoked as the reason why resistance has
not occurred in some species (60) or why some mutations generated in the laboratory do not
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emerge in the field (59). However, emergence of new mutations depends on mutation rate, and
the strength of positive selection is influenced by the resistance factors of different mutations.
Furthermore, once the first highly resistant mutation emerges, there may be no further positive
selection for alternative resistance mechanisms; thus, a single resistance allele is selected and
alternative mutations generated in the laboratory do not evolve in the field population. The
presence or absence of fitness penalties can also be inferred from whether resistance mutations
decrease or persist between growing seasons (55) or once a fungicide class is withdrawn (132).
However, reversions should be compared to a null model that includes genetic drift and may
be due to indirect costs from linked genes or clonal replacement under selection by different
fungicides and host plant varieties. Where resistance has emerged but not reached fixation, field
trials can be conducted with natural inoculum, comparing treated and untreated plots or seasons
(84). Field trials can control the host variety and use of other fungicides, but minor penalties may
not have a significant effect within the experimental timescale.

The use of single isolates, alone or in defined mixtures, means inoculum can be controlled
in common garden experiments, whether as inoculated field trials (56), in controlled in planta
environments (5), or in vitro (26), but there are still (usually unknown) differences in genetic
backgrounds between sensitive and resistant isolates. Where possible, multiple sensitive and resis-
tant isolates from different genetic backgrounds should be used. If the relevant mutations can be
generated spontaneously or with UV or chemical mutagenesis in laboratory mutants, they can be
compared against the parental strain (51). This ensures similar genetic background, but other de
novo mutations occur elsewhere in the genome, and extra in vitro subculturing steps may result
in loss of pathogenicity. Two main approaches can be used for in vitro selection. Selecting single
colonies, usually with a single round of mutagenesis and initial selection, will produce a set of
strains that includes any viable mutations regardless of any nonlethal fitness penalties, which can
then be further characterized or used in competition assays. Allowing mutants to grow in a mixed
culture, potentially with multiple rounds of selection, results in intermutant competition, so the
fittest mutants dominate (54).

Transformation of sensitive or resistant alleles into the same parental isolates provides the
greatest consistency in genetic background. Heterologous expression allows functional testing
of alleles from nontransformable and nonculturable fungi, and conditional expression vectors
for yeast enable confirmation of lethal penalties. However, interspecific differences may affect
the results: Z. tritici CYP51 with Y137F did not complement yeast CYP51 but has been found
in Z. tritici in the field, so evidence of more subtle fitness penalties is less reliable (38). Where
possible, homologous gene replacement is preferable to establish fitness effects of specific resistance
mutations (78), but field isolates with higher relative fitness than strain-specific transformants may
indicate the occurrence of compensatory mutations.

Field trials provide a measure of inclusive fitness over the timescale of the experiment, usually
throughout a growing season and often over multiple years (84). However, conditions such as
temperature cannot be controlled (143). Furthermore, field trials either rely on natural infection
or are inoculated with field isolates with various genetic backgrounds, as resistant mutants or
transformants cannot be released into the field. In planta testing in a glasshouse or controlled
environment chamber allows more conditions to be controlled (5), and isogenic transformants
or mutants may be used (117) while still taking account of pathogenicity, but these experiments
do not always encompass the whole life cycle, e.g., overwintering states. In vitro testing allows
growth conditions to be closely controlled and often allows a larger number of strains, replicates,
or different conditions to be tested, but measurements are limited to certain fitness components
such as hyphal growth or conidial production; pathogenicity or tolerance of host defenses cannot
be measured; and rich growth media may compensate for some fitness penalties. Relative fitness
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may depend on temperature (149), growth medium (14), and time of measurement (112) as well
as on mechanism-specific factors such as osmotic or oxidative stress. Proof-of-concept studies
may use extreme conditions to maximize penalties (78) rather than attempting to replicate field-
realistic conditions. Isolated organelles (117) or enzymes (100) can indicate the mechanism of a
fitness penalty but not the size of the penalty that would apply at the organismal level, and enzyme
properties may differ in purified versus native conditions (100).

Single-isolate growth assays can generally detect only major reductions in vegetative growth or
asexual spore production, whereas competition assays offer greater sensitivity for smaller fitness
differences. A review of bacterial studies indicates that individual growth rate differences must
be >5% per generation to be detectable, whereas competition assays can detect differences of
1% or even 0.1%, depending on the detection methods used to quantify genotype frequencies
(4). In addition, for plant pathogens, different levels of aggressiveness may be optimal in single
or mixed infections (143); thus, competition assays are more informative regarding the impact of
pathogenicity changes on fitness where mixed infections are common in the field. Competition
assays may use isolate pairs or more complex mixtures, with an equal starting ratio or a range of
starting points (111).

Mutagenesis studies often refer to the stability of resistance as well as the fitness of mutants
(97). This may reflect the basis of the trait, with reduced sensitivity through plasticity or epigenetic
changes being unstable, whereas reduced sensitivity through genetic mutations is stable. A single
mutant in pure culture is unlikely to spontaneously back-mutate to enable the resulting sensitive
isolates to be selected even where resistance does carry penalties. A notable exception is mito-
chondrial mutations: if mutants are heteroplasmic, a mixed mitochondrial population is present
within single-spore isolates, and fitness costs may result in a reduction in intracellular resistance
frequency and declining resistance in the isolate overall (145), effectively producing a competition
assay within a single heteroplasmic isolate.

FITNESS COSTS IN AZOLE RESISTANCE

Phenotypic Correlations

Experimental evolution and competition assays with the clinical pathogen Candida albicans demon-
strated that fluconazole resistance was associated with fitness costs in some evolving lineages, but
this was followed by compensatory evolution to reduce the fitness penalties while maintaining re-
sistance (39). In vitro selection studies on plant pathogens have given mixed results. In Cladosporium
cucumerinum, resistant mutants had reduced sporulation or spore viability, and in some rust species
no resistant mutants were obtained (51). These results were taken as evidence of low resistance
risk, but this has not been fully borne out in the field as azole resistance has emerged in many plant
pathogens, albeit more slowly and with lower resistance factors than for MBC resistance (52). In
contrast, tebuconazole-selected laboratory mutants of Fusarium graminearum with azole-specific
resistance had normal in vitro growth over four temperatures, with no decrease in sporulation,
germination, or in planta virulence; mycotoxin production varied between mutants but was not
correlated with resistance phenotype (12). Azole-resistant mutants of Aspergillus parasiticus dis-
played lower in planta mycotoxin production, but no consistent reduction in pathogenicity or in
vitro fitness components (44).

For field isolates, azole-resistant isolates of Venturia inaequalis showed no reduction in in vitro
growth or sporulation (26), and resistant isolates of Phomopsis obscurans (119) and Alternaria alter-
nata (96) showed no significant differences in growth, sporulation, or pathogenicity. In contrast,
resistant postharvest isolates of Penicillium expansum had reduced mycelial growth, mycotoxin

www.annualreviews.org • Fitness Penalties in the Evolution of Fungicide Resistance 345



PY56CH16_Fraaije ARI 23 July 2018 15:38

production, and pathogenicity (70). In Sclerotinia homoeocarpa, resistant isolates showed no signif-
icant difference in in vitro growth rate but some reduction in pathogenicity (63).

In Cercospora beticola, single-isolate in planta inoculation and re-isolation were carried out in the
absence of fungicide selection, resulting in some reductions in isolate resistance levels after cycling
at the lowest temperature of −20◦C but resistance was maintained under all other conditions (5).
In mixed inoculation in planta assays of Blumeria graminis (2), the average EC50 of re-isolated
populations decreased, leading to the conclusion that in the absence of fungicide treatment, the
resistant isolates were less fit and outcompeted by the sensitive isolates. For the eyespot pathogens
Oculimacula acuformis and Oculimacula yallundae, prochloraz resistance persisted in untreated plots
of inoculated field trials over multiple years (84). In the wider field population, prochloraz re-
sistance emerged but later declined again as other fungicides took over (107). Field surveys of
Z. tritici in Oregon reported reductions in propiconazole resistance frequency over the winter
period when no fungicides were applied (55).

Target-Site Functional Constraints

The target site of azole fungicides is CYP51. Basidiomycetes and yeasts possess a single CYP51
ortholog, apart from a few cases of recent genome duplications in basidiomycetes. In filamentous
ascomycetes, a gene duplication produced paralogs CYP51A and CYP51B, but some lineages have
subsequently lost CYP51A. In species retaining both paralogs, mutations more commonly emerge
in CYP51A, suggesting that the constitutively expressed workhorse CYP51B is subject to tighter
functional constraints than the additional, inducible CYP51A (36).

The most widely reported CYP51 alteration is Y137F, with the equivalent substitution re-
ported in rusts, yeasts, and CYP51B of ascomycetes (36). Other mutations are more variable be-
tween species (36), but some of the same mutations have been reported in related species, such as
Z. tritici and Pseudocercospora fijiensis (23).

In Z. tritici, heterologous expression studies have elucidated some of the functional constraints
at play, including lethal mutations, compensatory mutations, and epistatic interactions. I381V
as a sole alteration results in loss of enzyme function when heterologously expressed in yeast,
but function is restored if I381V occurs in combination with Y461H (38). S524T is also found
only in the field in combination with other alterations, but S524T as a sole alteration does not
disrupt enzyme function; thus, in this case the mutation combinations found in the field reflect
historical factors, namely the introduction over time of different azoles with incomplete cross-
resistance (37). The equivalent substitution S508T has since been reported as a sole mutation in
Pyrenopeziza brassicae (24).

The yeast conditional expression system was able to demonstrate mutations causing complete
loss of enzyme function, but other mutations may result in more subtle reductions in fitness. In
Monilinia fructicola, Y136F laboratory mutants had slower in vitro growth and produced smaller
fruit lesions than sensitive strains (30); azole resistance in M. fructicola in the field is mainly associ-
ated with CYP51 overexpression (90), but a substitution equivalent to Z. tritici G460S has recently
been reported in Brazil (86). Field isolates of Phakopsora pachyrhizi with CYP51 substitutions
F120L + Y131H, Y131F + K142R, or Y131F + I475T all decreased in frequency in competition
with wild-type isolates on untreated detached leaves (75). In contrast, Y136H laboratory mutants
of the rice false smut pathogen Villosiclava virens showed no significant reduction in in vitro growth
or sporulation (135).

Moderately resistant field isolates of Cercospora beticola with CYP51 substitution I330T showed
growth rates significantly lower than the sequenced wild-type isolate but similar to the slowest-
growing sensitive isolate (104). Another study of resistant field isolates reported significantly
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lower virulence and sporulation but similar germination and hyphal growth compared to sensitive
isolates, whereas competition experiment outcomes varied by isolate pair (71). This demonstrates
the importance of reference isolate choice and variability within sensitivity groups. Similarly, in
Pyrenophora teres, significant differences in fitness were detected within populations, but these
were not correlated with fungicide resistance (108). Resistance mechanisms were not elucidated
for these US and German P. teres isolates, but a later study of Australian isolates (94) found
CYP51A substitution F489L as well as inducible CYP51A overexpression.

Clinical A. fumigatus isolates with CYP51A substitutions G54W or M220K were found to be
competitive with wild-type strains in vitro and in vivo (128), whereas A. parasiticus UV mutants
with CYP51A-G54W had reduced spore production, spore germination, and in planta aflatoxin
production (44).

A further fitness trade-off in CYP51 mutations can be found in cases of negative cross-resistance
between different azoles. In Z. tritici, I381V confers reduced sensitivity to tebuconazole but in-
creased sensitivity to prochloraz, with V136A conferring the inverse effect (36). However, field
isolates with both alterations are now common, and other resistance mechanisms such as CYP51
and/or MgMFS1 efflux pump overexpression confer positive cross-resistance across all azoles (35,
106). In O. acuformis, prochloraz-resistant isolates showed positive cross-resistance, but one group
showed negative cross-resistance to triflumizole, whereas another group showed no significant
difference in triflumizole sensitivity (82). However, more commonly, cross-resistance between
azoles is positive in sign but varying in magnitude (36).

Altered Sterol Composition

Reduced CYP51 efficiency may be evident from altered sterol composition. In Ustilago maydis,
alterations in the sterol composition of azole-resistant laboratory mutants implied reduced CYP51
enzyme activity (67), but this did not result in significantly impaired growth, indicating that plastic-
ity in sterol metabolism is a potential compensatory mechanism for impaired CYP51 function. In
Erysiphe necator, sterol composition was similar in triadimenol-resistant and triadimenol-sensitive
field isolates (40), with triadimenol-resistant isolates subsequently found to have the target-site
substitution Y136F (43). In Z. tritici, sterol composition and CYP51 expression were measured and
CYP51 efficiency calculated for isolates with various CYP51 haplotypes (11). In that study, Y137F,
as well as V136A and I381V, was associated with reduced CYP51 enzyme efficiency, whereas no
significant effects were detected for L50S, S188N, A379G, �459/460, G460D, Y461H, or N513K,
or for interactions between mutations within the combinations studied. Variation in CYP51 ex-
pression appeared to provide another possible compensatory mechanism for reduced enzyme
efficiency even in Z. tritici, which has only the CYP51B paralog.

Altered sterol metabolism as a resistance mechanism has been reported in clinical C. albicans
strains, with sterol-C5-desaturase (ERG3) loss-of-function mutants producing less toxic alter-
native sterols when CYP51 is inhibited (27). The altered sterol content may lead to increased
sensitivity to osmotic stress, or to substrates usually removed by efflux, because of altered mem-
brane permeability (87). However, this resistance mechanism has not yet been identified in any
plant pathogens.

CYP51 Overexpression

Where overexpression evolves de novo through a simple promoter insertion or tandem repeat,
this commonly results in constitutive overexpression. In contrast, in species with lower intrinsic
sensitivity due to the presence of the CYP51A paralog, CYP51A upregulation is inducible. This
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reduces the allocation costs of overexpression because the extra enzyme is produced only when
needed, but inducible upregulation is a more complex trait to evolve unless it is already present as
a standing variation as in Rhynchosporium commune (58).

In C. beticola, azole-resistant field isolates with constitutive CYP51 overexpression showed no
significant difference in growth rate compared to the sensitive reference isolate (104). Similarly,
in M. fructicola, CYP51 overexpression due to the Mona promoter insert was not associated with
any significant differences in mycelial growth, sporulation, or pathogenicity, as confirmed through
insertion/deletion transformants (33). In A. parasiticus laboratory mutants overexpressing CYP51A,
spore production and germination were not significantly different, whereas aflatoxin production
was higher in vitro but lower in planta (44). In ERG11(CYP51)-overexpressing clinical C. albicans
isolates, no fitness cost was apparent in vitro but pathogenicity was reduced, possibly reflecting
the different requirements for regulation of sterol biosynthesis in hyphal versus yeast-like growth
(88); therefore, fitness testing in plant pathogens should also consider different stages in their life
cycles.

Non-Target-Site Resistance

The impacts of efflux-mediated multidrug resistance have been most extensively studied in Botrytis
cinerea. Field monitoring of MDR3 strains, with a combination of atrB and mfsM2 efflux pump
overexpression, showed that following positive selection by fungicide use in summer, there was no
consistent decrease over winter when no fungicide sprays were applied (77). However, subsequent
analysis of longer-term field trial data found significant fitness penalties associated with MDR1
(atrB overexpression) and some evidence of penalties for MDR2 (mfsM2 overexpression) based
on decreasing resistance frequencies over the winter months (133). MDR1h isolates, with higher
atrB overexpression than MDR1, in a genetic background that also has multiple target-site resis-
tance mutations were characterized in vitro, revealing increased osmotic sensitivity compared to
sensitive isolates but no other detectable reduction in mycelial growth or spore production (47).
A subsequent study compared MDR1h isolates and sensitive isolates with isolates with target-site
mutations but without MDR1h (31). MDR1h was associated with reduced growth at the lowest
temperature tested but similar growth at higher temperatures; similar oxidative stress tolerance;
and similar aggressiveness and sporulation in planta. The reduced osmotic stress tolerance rela-
tive to sensitive isolates was associated with (one or more of ) the target-site mutations rather than
MDR1h, demonstrating the importance of comparing strains with as similar genetic backgrounds
as possible.

Tebuconazole-selected mutants of F. graminearum with cross-resistance to azoles and morpho-
lines had reduced growth at higher temperatures and lower virulence on untreated plants than both
the parental strain and mutants with azole-specific resistance (12). Flusilazole-selected mutants
of A. parasiticus with mdr overexpression had reduced growth, sporulation, and spore germina-
tion, as well as a loss of aflatoxin production (44), with cyprodinil-selected MDR mutants show-
ing similar phenotypes (99). In contrast, propiconazole-resistant M. fructicola field isolates with
non-target-site resistance (no CYP51 mutations or overexpression) displayed no fitness penalties
(growth/sporulation/virulence) (29). Furthermore, Z. tritici isolates with reduced cyproconazole
sensitivity but no CYP51 mutations had higher virulence than sensitive isolates, possibly due to
efflux pumps being effective against defensive toxins produced by the host plant as well as against
fungicides (142). Next-generation sequencing approaches are revealing more non-target-site re-
sistance alleles, including efflux transporters and other resistance mechanisms. In Z. tritici, the
PKS1 quantitative trait locus is associated with increased melanization, correlated with reduced
azole sensitivity but slower growth (81). Metabolization of prochloraz was shown in a resistant
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Fusarium fujikuroi isolate (73). The degradation product showed that hydrolysis of the amine
moiety of prochloraz was likely, but no fitness cost associated with this mechanism was reported.

FITNESS COSTS IN RESISTANCE TO OTHER FUNGICIDES

Methyl Benzimidazole Carbamates

MBC-resistant isolates show normal growth and pathogenicity in many pathogen species, includ-
ing Oculimacula sp. (19), B. cinerea (62), Colletotrichum musae with β-tubulin substitution F200Y
(131), and M. fructicola with E198A (32). Virulence was higher in P. expansum isolates with β-
tubulin alterations F167Y or E198A/V/K (9) and in MBC-resistant isolates of Pseudocercosporella
fijiensis (114) and Didymella bryoniae (72).

However, some fitness penalties due to target-site functional trade-offs are temperature depen-
dent. Microtubule function requires both assembly and disassembly, so hyperstability leads to loss
of function at some temperatures (105). Temperature sensitivity has been identified in some labo-
ratory mutations that have not been found in the field as well as in some field isolates (59). In Saccha-
romyces cerevisiae, six laboratory mutants were heat sensitive and four were cold sensitive, including
F167Y (123); in Aspergillus nidulans, four mutants were heat sensitive (68). M. fructicola H6Y field
isolates were cold sensitive and E198A isolates were heat sensitive (93), whereas resistant isolates
of P. obscurans (119) and F. graminearum (28) showed no penalties over a range of temperatures.

Some species display no temperature sensitivity in the absence of fungicide, but resistance
itself is temperature dependent. Resistant Fusarium moniliforme (141), C. beticola (125), and E198V
B. cinerea (144) isolates are sensitive at low temperatures, and Monilinia laxa L240F isolates are
sensitive at high temperatures (92). This reduces the selective advantage of the mutation in the
presence of fungicide but does not lead to reversion in its absence. In contrast, the heat-sensitivity
of A. nidulans lab mutants is reversed by MBCs, as they inhibit hyperstable microtubule binding
(105). Compensatory mutations have also been generated in A. nidulans lab mutants, including
mutations in α-tubulin to restore the correct binding affinity with β-tubulin (105).

Mutations at codon 198 confer negative cross-resistance to diethofencarb, but F200Y confers
resistance to both MBCs and diethofencarb. In B. cinerea, E198A persisted after withdrawal of
MBCs but F200Y declined, possibly due to fitness penalties; the negative cross-resistance of
one mutation plus the fitness penalty of the other could in theory be combined in a resistance
management strategy, but diethofencarb is no longer authorized (132). B. cinerea E198K isolates
are cross-resistant to zoxamide, whereas M233I mutants are resistant only to zoxamide and have
fitness penalties (22). The authors conclude that zoxamide use without MBCs is unlikely to lead to
resistance, as zoxamide-specific resistance carries penalties, but selection for zoxamide resistance
and against fitness penalties could also select for E198K even in the absence of MBCs.

Overexpression of β-tubulin in a yeast model was toxic, producing the wrong ratios of tubulins
for correct microtubule formation (138). β-tubulin overexpression is not known in field isolates,
except in intrinsically resistant Colletotrichum acutatum, in which upregulation is inducible (103).
One study also generated moderately resistant mutants with an unknown non-target-site mecha-
nism, with fitness penalties (148).

Quinone Outside Inhibitors

The highest fitness cost is associated with G143A in species with an intron following codon 143,
as the mutation prevents proper splicing and is therefore lethal. Yeast mutagenesis experiments
have produced compensatory mutations (127), but in the field, pathogen species with the intron
predominantly evolve F129L or G137R instead (120). In B. cinerea, some isolates have the intron
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but others do not, resulting in the selection of G143A in backgrounds without the intron (83); in
this case, lack of intron is a cryptic standing variant and not a de novo compensatory mutation.

Other penalties result from functional trade-offs at the protein level. Of 22 cytochrome b
alterations reported in eukaryotes as of 1996, nine were associated with respiration deficiency
or impaired protein stability, but F129L, G137R, and G143A were not (16). A site-directed
mutagenesis study in yeast, using site-directed mutagenesis to mimic the surrounding residues
of different fungal species, found G143A to be slightly deleterious in V. inaequalis, Podosphaera
fuliginea, and Phytophthora megasperma, but not in B. graminis, backgrounds (49). V. inaequalis
G143A mutants were also unstable when maintained on fungicide-free media (145), but G143A
has subsequently emerged in V. inaequalis field isolates (76).

Testing of fitness components has demonstrated penalties in a few cases, with reduced virulence
in Magnaporthe oryzae (91) and Z. tritici (57) field isolates with G143A and reduced growth and
pathogenicity in some C. beticola lab mutants with G143S or F129V (97) and in some resistant mu-
tants of U. maydis (147). However, in many cases, resistant isolates showed normal growth, sporu-
lation, and pathogenicity and/or competitiveness, for example in Plasmopara viticola field isolates
(41), B. graminis field isolates (34), and Magnaporthe grisea mutants (8) with G143A; in P. pachyrhizi
isolates with F129L (75); and in unsequenced QoI-resistant isolates of E. necator (111) and A. alter-
nata (69). In B. cinerea, laboratory mutants were less competitive in vitro, but resistant field isolates
showed no reduction in pathogenicity, sporulation, or growth under a range of conditions (130).

Reports of non-target-site resistance to QoIs are limited. M. fructicola isolates with QoI re-
sistance but no cytochrome b mutations had reduced growth and sporulation (32). Alternative
respiration, utilizing AOX as the terminal electron acceptor, gives lower ATP yields; this reduced
efficiency, as well as possible sensitivity of AOX to plant flavones, means this mechanism prob-
ably has limited impact in planta (139). The only report of metabolization of QoIs has been for
kresoxim-methyl in V. inaequalis (65). An external fungal esterase produced in planta was shown
to hydrolyze the ester moiety in the toxophore of kresoxim-methyl.

Succinate Dehydrogenase Inhibitors

Several mutagenesis studies that included fitness measurements were carried out before SDHI
resistance emerged in the field. A. alternata lab mutants with target-site mutations resulting in
sdhB-S221P, B-H267N, B-H267Y, or D-D129E had no apparent reduction in hyphal growth,
except under oxidative stress (6). Field isolates with sdhD-D123E showed reduced sporulation
and increased oxidative sensitivity, but there were no differences for other fitness components or
other mutations (B-H277Y/R, C-H134R, and D-H133R) (45), whereas no reports of significant
difference in hyphal growth or spore viability for A. alternata or Alternaria solani field isolates with
sdhD-D123E, sdhB-H277/8 Y/R, sdhC-H134R, or sdhD-H133R were reported, including for
genetic backgrounds with QoI resistance mutations G143A or F129L (79).

There was also no apparent loss of pathogenicity in Corynespora cassiicola or D. bryoniae field
isolates (7) or in Ramularia collo-cygni (109) or P. expansum (98) mutants. However, Rhizoctonia
solani mutants had reduced pathogenicity and sclerotia production (7). Rhizoctonia cerealis mutants
showed fitness variations depending on the parental isolates’ genetic background, but it is not
clear whether this is related to resistance or other mutations (121).

In B. cinerea, results varied between studies for lab mutants (7) and field isolates. One
study found no evidence of major fitness penalties in growth and sporulation in vitro or in
planta, sclerotia production, or osmotic sensitivity for sdhB-H272R, sdhB-H272Y, sdhB-H272L,
sdhB-P225F, and sdhB-N230I (3), but another study found that H272R/Y/L, N230I, and P225F
isolates were outcompeted by sensitive strains in in planta competition assays, and most resistant
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isolates showed reductions in fitness components in planta and in vitro; H272R was less impaired
than other resistant strains but was more sensitive to oxidative stress (130). Interestingly, isolates
in the second study had G143A, but because all were field isolates, there would have been other
genetic differences too. In a study of isogenic transformants (78), H267L/R caused slower growth
at high temperatures on some media but grew faster at low temperatures on a minimal medium.
P225L/H272R had significantly reduced sclerotial production, and other mutants had reduced
sclerotial survival at higher temperatures. Organismal fitness components were not correlated
with differences in sdhB enzyme activity in isolated mitochondria (78). This further demonstrates
that observed differences in fitness depend on which fitness components are measured and which
growth conditions are used, even when correcting for genetic background, and makes the appli-
cation of measured fitness differences to field conditions more complex.

Similarly, a range of SDHI-resistant laboratory mutants of Z. tritici showed no obvious loss
of organism-level fitness or pathogenicity (50), even where mitochondrial respiration rates were
markedly reduced (117). However, experimental evolution revealed dose-dependent selection,
implying fitness penalties in sdhC-H152R mutants (54); this is supported by the as yet limited
spread of H152R but has not been confirmed by competition assays with isogenic transformants.

Some sdhB mutations confer no or negative cross-resistance to fluopyram, but other muta-
tions, especially in sdhC, are highly resistant to all current SDHIs (50). Some MDR efflux pumps
(see section titled Non-Target-Site Resistance) also affect SDHI sensitivity. More recently, an
unknown SDHI-specific non-target-site resistance mechanism, most likely not associated with
altered efflux pump activity, was reported to be present as a standing genetic variant in Z. tritici
field populations (140).

Other Fungicide Classes

For phenylpyrrole-dicarboximide double-resistant mutants carrying modifications in the os-
mosensing class III histidine kinase, multiple fitness parameters, including increased osmotic sen-
sitivity, decreased sporulation, and loss of pathogenicity, are often affected (48). Therefore, the
resistance mechanisms in field strains may involve loss of function, or loss-of-binding mutations
with deleterious effects on function, of a component in this signaling pathway, resulting in fitness
penalties due to functional trade-offs. Field strains with low levels of resistance to phenylpyrrole
and dicarboximides are often associated with MDR (85) and do not always carry fitness penalties
(31). Experimental evolution from fludioxonil-resistant mutants of A. nidulans demonstrated the
possibility of compensatory evolution, with evolved lines restoring or exceeding the original in
vitro fitness of the sensitive parent without loss of resistance (118), and this might also explain the
recent report on the emergence of B. cinerea field strains carrying mutations in the class III HK
gene in China (113).

For anilinopyrimidines, fitness penalties have been proposed as a reason for the slower spread
of resistance compared to other fungicides in B. cinerea (132), but results from testing fitness
components of resistant isolates have proven inconsistent in B. cinerea (46) and other species (70).
More recently, a mitochondrial target site has been proposed for cyprodinil, with a mitochondrial
inner membrane transporter and a NADH kinase as potential candidates (102).

Hydroxyanilide-resistant field isolates of M. laxa showed normal mycelial growth but reduced
sporulation and virulence (95). In B. cinerea, field frequency of fenhexamid resistance fluctuated
over ten years of selection (14). Resistant field isolates had lower growth and survival rates in culture
(116), and laboratory mutants had reduced sporulation and virulence (146). Isogenic transformants
with ERG27 target-site mutations had reductions in various fitness components, depending on
temperature and nutrient levels (14).
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Few studies have been carried out for other fungicide groups. Phospholipid-biosynthesis in-
hibitor (dithiolane/phosphorothiolate)-resistant isolates of M. oryzae had no reduction in sporu-
lation (64) and increased virulence even on untreated plants (74).

Melanin biosynthesis inhibitor-dehydrase (MBI-D) resistance frequencies declined in M. oryzae
populations after withdrawal of those fungicides (122). Alternaria alternata isolates with lower
sensitivity to mancozeb showed increased aggressiveness, but all fitness components were variable
within sensitivity groups (96). Dodine-resistant field isolates of V. inaequalis showed no significant
difference in in vitro growth or sporulation (26). Resistance to phenylamide oomyceticides showed
no decline in frequency in populations of Phytophthora erythroseptica (25) in untreated field trials. In
contrast, resistance to carboxylic-acid amide (CAA) oomyceticides was accompanied by reduced
growth and pathogenicity in laboratory mutants of Phytophthora litchi (136).

PRACTICAL IMPLICATIONS

Knowledge of fitness penalties can improve the accuracy of resistance risk assessments (61). Not
considering fitness penalties leads to overestimates of risk: For example, mechanisms found in
laboratory mutants but with prohibitive fitness costs may be of little practical importance (53).
However, overestimates of the practical significance of fitness penalties leads to underestimates
of risk if, for example, costs are expressed only at temperatures rarely occurring in the field or
if compensatory mutations subsequently emerge. Where costs depend on genetic background,
resistance risk may be higher for outcrossing pathogens as resistance alleles can be recombined
into the most favorable background (18).

It is also important not to assume a reduction in risk where some lab mutants have fitness
penalties, if other, equally or more resistant mutants do not, but this knowledge will improve
predictions of which resistance mechanisms are likely to emerge, helping to know in advance what
to look for, informing monitoring programs and the design of molecular diagnostics.

Resistance management is also affected by fitness penalties. The effectiveness of many resistance
management guidelines depends on the fitness of resistant isolates during breaks (temporal or
spatial) in spraying (17). For strategies based on temporal gaps between sprays, on alternating
different modes of action, or on spatial mosaics or refugia, fitness costs lead to reversions of
resistance (1), whereas mutations that are neutral in the absence of fungicide selection persist,
and selection of resistance is simply stretched out in a zero-sum manner. Fitness penalties also
change the relationship between fungicide dose and resistance selection. In the absence of fitness
penalties, the mutation is neutral below the minimum inhibitory concentration of sensitive strains,
and positive selection increases with dose throughout the dose range in which sensitive pathogens
are controlled and resistant strains are not. In contrast, fitness penalties lead to a specific tipping
point at which a resistance mutation changes from deleterious to advantageous, as positive selection
for resistance outweighs selection against the fitness penalties.

However, major complications arise when fitness penalties depend on life stage or environ-
mental conditions (14), as models must combine different selection coefficients, weighted for
prevalence and adjusted for conditions in different regions. For example, in Northern Europe,
B. cinerea is actively growing during the summer months and sclerotia are produced for overwin-
ter survival in low temperatures, whereas in Southern Europe, especially in glasshouses, growth
occurs during the winter, and sclerotia or saprophytic mycelium must survive in high summer
temperatures (112). However, comparisons of resistance emergence between climate zones are
confounded by effects of climate on disease levels and corresponding differences in fungicide use,
and therefore regional differences in resistance levels cannot be related directly to different fitness
costs of resistance under different climatic conditions.

352 Hawkins · Fraaije



PY56CH16_Fraaije ARI 23 July 2018 15:38

FUTURE PROSPECTS

For recent fungicide groups, mutagenesis studies have been carried out prior to release, with
the awareness that fitness penalties and resistance levels of mutants influence resistance risk. For
SDHIs, mutations generated by in vitro selection (117) and evidence of differential fitness of
mutants (54) can be compared to the emerging situation in the field. For the novel oomyceticide
oxathiapiprolin, fitness components (growth, sporulation, germination, and pathogenicity) of mu-
tants were measured as part of the resistance risk assessment, although results varied in different
genetic backgrounds within as well as between Phytophthora species (15). However, there is not yet
a consensus on a standard method of fitness testing to use as part of resistance risk assessments.

Many studies provide initial hints at fitness penalties, but these are often inconsistent between
studies. Such inconsistencies may reflect genuine differences between pathogen species, or they
may be an artifact of the measurement of different fitness components, the use of different growth
conditions, or intraspecific variation in genetic background. Increasing use of functional genetics
tools, such as homologous recombination with site-directed mutagenesis, allows mutations to be
assessed within common genetic backgrounds within species, and genome editing may allow mul-
tiple mutations to be combined. Whole-genome sequencing of UV mutants or field isolates could
provide insights into other contributing or compensatory mutations. Molecular diagnostics enable
higher-resolution tracking of allele frequencies in the field, for example throughout the growing
season and winter season (10), and more precise detection of competition experiment outcomes (4).

In terms of the development of future crop protection, penalties for resistance are clearly
desirable but are not something that can readily be incorporated into the discovery process. Gene
drives could be used to improve the relative inclusive fitness of sensitive alleles, but there is a risk
of resistance to gene drives (126) or of resistance mutations occurring de novo within the gene
drive cassette. As with antibiotics, the notion of evolution-proof products may not be achievable
in practice but can at least lead to insights regarding the most durable deployment strategies for
existing options (13).

Resistance management strategies also stand to benefit from conceptual and modeling advances
regarding fitness coefficients and fitness landscapes. However, empirical results so far indicate that
many penalties are condition dependent, depending on temperature, host genetics, or pathogen
life stage. The impact of fitness penalties on selection for resistance will also change with spatial and
temporal variations in fungicide use and dose. An outstanding question is whether these shifting
alternative landscapes could be combined into a single, field-realistic weighted average or whether
it would be too dependent upon local or seasonal conditions.
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