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Abstract
The concept of “cost of resistance” has been very important for decades, for fundamental reasons (theory 
of adaptation), with a wide range of applications for the genetics and genomics of resistance: resistance to 
antibiotics, insecticide, herbicide, fungicides; resistance to chemotherapy in cancer research; coevolution 
between all kinds of parasites and their hosts. This paper reviews this history, including latest develop-
ments, shows the interest of the idea but also challenges the usefulness and limits of this widely used 
concept, based on the most recent development of adaptation theory.  It explains how the concept can 
be flawed and how this can impede research efforts in the field of resistance at large, including all applied 
aspects. In particular, it would be clearer to simply measure the fitness effects of mutations across envi-
ronments and to better distinguish those effects from ‘pleiotropic effects’ of those mutations. Overall, we 
show how to correct the concept, and how this correction helps to better understand the wealth of data 
that has accumulated in recent years. The main points are:

1.	 The concept of «cost of resistance» needs to be carefully used, to avoid misconceptions, false paradox 
and flawed applications. The recent developments in adaptation theory are useful to clarify this.

2.	 “Cost of resistance” and pleiotropy have to be distinguished. More than one trait is required to dis-
cuss pleiotropy. Resistance evolution must at least involve the modification of one trait. If there is an 
irreducible trade-off on that trait between environments with and without drug, it creates a fitness 
effect that is not due to pleiotropy. Pleiotropic effects can, but need not, occur in addition.
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3.	 “Cost of resistance” must depend on the pair of environments considered with and without drug. 
Hence, there are as many measures of cost as there are environments without drug. If the focal geno-
type is not well adapted to one focal environment, it is relatively easy to observe “negative” costs of 
resistance. There is nothing surprising about this, and it does not indicate an absence of trade-off.

4.	 Environments with drug can differ according to the dose. It may be more informative to measure 
the possible trade-offs among all doses than to focus exclusively on the fitness contrast between the 
presence and the absence of drug.
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Introduction

The study of resistance to antibiotics, insecticides, acaricides, fungicides, herbicides, 
chemotherapy drugs etc. is, for obvious reasons, a very active field of research. We are 
in the middle of a “crisis,” which has important consequences for public health and 
agriculture (e.g. World Health Organization 2014, Ventola 2015). It is yet unclear 
whether we will be able to deal with “superbugs”, “superweeds” and other “supermi-
crobes” in the near future. Studies have focused intensely on the genetic, cellular, and 
biochemical mechanisms responsible for resistance, but also on the fitness effect of 
those mutations.

Resistance mutations as beneficial mutations

Resistance evolution is a particular case of the more general situation of adaptation to 
new environmental conditions. Processes of adaptation have been intensely studied 
from Darwin’s time, since refined by powerful population genetic concepts that have 
been put forward in the modern synthesis (Orr 2005). In brief, resistance mutations 
are beneficial mutations in treated environments. They spread because they confer an 
obvious fitness advantage in presence of the drug (the antibiotic, insecticide, acaricide, 
fungicide etc.). By definition, a resistance mutation allows for survival while the sus-
ceptible wild-type simply dies when exposed to the drug. Hence, classically, the fitness 
benefit of a resistance mutation (relative to a susceptible one) depends on the fraction 
of the population exposed to the drug (since it determines the fraction of surviving 
susceptible genotypes). This is a black and white outcome, and it seems that there is 
little to understand beyond this obvious reasoning. Yet, in natural / real conditions (i.e. 
unlike in ecotoxicological tests performed in the laboratory), it is not very clear which 
dose of the drug is relevant. Concentrations of drugs vary at different temporal and 
geographical scales, within bodies (Levison and Levison 2009), within microhabitats, 
within regions etc. (Thiele-Bruhn 2003, Depledge 2011). Notwithstanding, it is often 
assumed that a resistance mutation is associated with a selection coefficient measuring 
the rate at which it is expected to change in frequency in populations, like any other 
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beneficial mutation. This selective advantage is not easy to estimate in the field, but is 
often thought to represent an inherent property of the mutation itself. However, this 
advantage must depend in some ways on the exposure to the drug, which is an envi-
ronmental variable, and not a property of the mutation.

The context dependence of fitness effects

This point leads to a very simple and obvious idea: the selective effects of mutations 
depend on ecological conditions. This conclusion is somewhat trivial (Bell 2008), but 
it contradicts the naïve view that tends to essentialize the properties of mutations or 
genotypes (i.e. that characterize mutationnal properties as intrinsic). There is no such 
thing as a single selective effect of a mutation or a genotype. A mutation is not inher-
ently beneficial, deleterious, or neutral. Rather, it depends on the ecological condi-
tions, the genetic background, and on other alleles considered in comparison. Even the 
‘dominance’ of mutations in diploids can be highly context and trait dependent (Bour-
guet et al. 1996, Manna et al. 2011). It is important to reiterate this point for several 
reasons. The first is that it tends to be simply ignored, even if this context dependence 
is never directly challenged. For instance, in molecular evolution, it is customary to 
assign a mutation, without further specifications, in three categories: deleterious, neu-
tral or beneficial (Eyre-Walker and Keightley 2007). Secondly, it makes little sense to 
study the selective effects of mutations while neglecting the diversity of real ecological 
conditions and the diversity of genetic backgrounds. Of course, it is always possible to 
think in terms of average, and this is the usual view when dealing with the diversity of 
genetic backgrounds in sexual populations (where recombination ensures that muta-
tions ‘experience’ effectively the range of possible backgrounds, Lande 1983, Chevin 
and Hospital 2008). Yet, for ecological variation, taking such an average may be very 
misleading. For example, a resistance mutation can spread somewhere (in a treated 
environment), but not elsewhere (in a non-treated environment), generating a situa-
tion of polymorphism (Jain and Bradshaw 1966, Suckling and Khoo 1993, Carrière 
et al. 1994, Guillemaud et al. 1998, Lenormand et al. 1998, 1999, Lenormand and 
Raymond 2000, Neve and Powles 2005, Labbé et al. 2009). Differences of effects 
across environments matter, not only their average, provided that the spatial scale of 
dose variation is larger than the scale of dispersal (Lenormand 2002) or that temporal 
fluctuations occur at scales exceeding generation time (e.g. Cvijović et al. 2015).

The cost of resistance

In presence of such heterogeneity with both treated and non-treated environments, the 
concept of ‘cost of resistance’ becomes important. This cost is defined as the selection 
coefficient of resistance mutations in absence of treatments (or similarly in absence 
of predator, parasite or pathogen when considering resistance in the context of biotic 
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interactions). The idea of a “lower adaptive value” of resistant genotypes in the absence 
of treatment can be traced back quite far (e.g. in Dobzhansky 1951). The term “repro-
ductive disadvantage” or no specific term is used in this context in the 60s and 70s, in 
empirical or theoretical papers (Abedi and Brown 1960, Gillespie 1975, Hickey and 
McNelly 1975, Antonovics 1977, Georghiou and Taylor 1977, Curtis et al. 1978). The 
term ‘cost of resistance’ is relatively recent in comparison and started to be widespread 
only in the 80s, especially in the context of plant resistance to herbivores (Windle 
and Franz 1979, Leonard and Czochor 1980, Simms and Rausher 1987) or bacteria 
resistance to phage (Lenski 1988). It is in particular used in the influential paper of An-
derson and May (1982) on coevolution and resistance to pathogens. Curiously, when 
dealing with resistance evolution in an abiotic context (i.e. to pesticides or antibiotics), 
the term ‘cost of resistance’ still refers in the 80s to the economic, not the evolutionary, 
cost of resistance (i.e. the extra monetary cost due to increasing pesticide dosage con-
secutive to resistance evolution), even in papers by May, referring to evolutionary cost 
as ‘back selection’ (May and Dobson 1986). The first mention of an evolutionary cost 
of resistance in an abiotic context seems to be in Jacobs et al. (1988) about herbicide 
resistance, although the term “cost of tolerance” was used in studies of heavy metal tol-
erance in plants a bit earlier (Bradshaw 1984, Wilson 1988). The cost of resistance was 
then intensely investigated in the 90s (Bergelson and Purrington 1996, Andersson and 
Levin 1999 for reviews), with several methodological improvements (e.g. separating 
costs from effect of linked variation). By the end of the 90s, most pesticide resistance 
management models included the cost of resistance, i.e. the fact that resistance muta-
tions could be selected against in non-treated environments (Lenormand and Ray-
mond 1998). As this short historical overview shows, the concept of cost of resistance 
is relatively recent and was not used before the 80s. In particular, all papers on local 
adaptation and clines and the entire field of ecological genetics developed before the 
80s without the need to refer to this concept. For instance, in classical models such as 
Levene model (Levene 1953) or cline models (Haldane 1948, Nagylaki 1975, Endler 
1977), it was sufficient to talk about the selective effects of alleles in different environ-
ments. Why was the concept of cost of resistance introduced? At first sight, the concept 
seems asymmetrical and not very useful. For instance, nobody talks of the “cost of 
susceptibility” in treated environments, although it would be equally legitimate.

A likely reason is that the concept was helpful to bring attention to the fact that a 
mutation could be both beneficial or deleterious depending on circumstances, some-
thing well known in ecological genetics but somewhat ignored in resistance studies. It 
helped introduce some ecology in the understanding of the fitness effect of resistance 
mutations. This can have important consequences as the cost of resistance is a powerful 
force that can keep resistance in check (see e.g. Curtis et al. 1978 for an early model). 
Considering cost is also very important to predict the dynamics of resistance mutations 
in heterogeneous (treated and non-treated) environments.

A second reason is that the concept of cost was tightly associated to the notion of 
trade-off among traits, an idea borrowed from life history theory. When resistance is 
viewed as a trait, or a “defense” function, it is natural to consider that it may trade-off 
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with other organismal traits and functions (e.g. in terms of resource). In other words, 
resistance mutations should influence many traits, i.e. have pleiotropic effects. Besides 
resistance, the variation of all these traits is likely to be deleterious, and therefore rep-
resent a ‘cost’, since these traits were previously optimized by natural selection. This 
connection with life history theory is entirely explicit in the first papers mentioning 
the concept (Simms and Rausher 1987, Lenski 1988, Wilson 1988, Smith et al. 1991, 
Bergelson and Purrington 1996) and led to the idea that the cost of resistance was 
caused by the pleiotropic effects of resistance mutations. Although the idea of trade-
off among traits was initially present in this interpretation, it is often forgotten today: 
resistance mutations are simply viewed as ‘pleiotropic’. Naturally, only considering 
pleiotropy, it seems very natural to think that the cost can evolve to be reduced, or even 
eliminated (which is also directly suggested by the word ‘cost’ itself ). For instance, one 
could consider that compensatory evolution should attenuate these unwanted pleio-
tropic effects and restore optimal values for all traits, eliminating the cost. At first sight, 
the best proof for this reasoning is that cost-free resistance mutations are sometimes 
found along with the existence of modifier loci mitigating or even eliminating costs 
(McKenzie et al. 1982, Davies et al. 1996, Lenski 1998, Andersson and Levin 1999, 
Andersson and Hughes 2010, Melnyk et al. 2015).

Today, the term ‘cost of resistance’ is widely used, but the concept suffers from 
several ambiguity that can be understood in the light of this short history. First, the 
concept seems unnecessary to study adaptation in different environments (it would be 
sufficient to simply consider fitness effects in each environment). It also introduces an 
asymmetry, which is quite arbitrary, and somewhat misleading (susceptibility too is 
costly). Second, it conflates effects across traits (pleiotropy) and effects across environ-
ments, which can also be misleading. Third, the word ‘cost’, still reflects an essentiali-
zation of mutation/genotypes. The deeply engrained view “one mutation – one fitness 
effect” was not really challenged by the introduction of the ‘cost’ idea. It was merely 
replaced by the idea that one resistance mutation corresponded to two important char-
acteristics: its benefit and its cost.

For these reasons, we think that the concept of cost of resistance presents important 
shortcomings, to the point, that it is now becoming a problem and hindrance to concep-
tually clarify the process of adaptation. We now try to explain these issues in more details.

Costs of resistance are not equivalent to pleiotropic effects

The first problem with the concept of cost is its interpretation in terms of pleiotrop-
ic effects of mutations. To be very clear, a simple situation is sketched below where 
adaptation is represented by the optimization of many traits simultaneously, like in 
Fisher’s model of adaptation or multivariate models of stabilizing selection in quantita-
tive genetics (Lande 1980, Hartl and Taubes 1998, Orr 1998, Martin and Lenormand 
2006a), but with two environments (Martin and Lenormand 2006b, 2015). Figure 1 
uses only two traits, which is sufficient to make the argument and discuss the issue of 
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pleiotropy. It is straightforward to relate this type of fitness landscape model to the 
more traditional one-dimensional ‘dose-response’ models (see Box 1). Representing 
evolution of resistance as convergence to a phenotypic optimum has received some em-
pirical support (Bataillon et al. 2011, Sousa et al. 2012, Harmand et al. 2017, 2018) 
and may capture well the dynamics of adaptation.

Let us label “O” the optimal phenotype in the non-treated environment and “A” 
the phenotypic optimum in the treated environment. For simplicity, we can assume 
that fitness monotonically declines with the (Euclidean) distance from the peak in 

Figure 1. Graph of treated and non-treated environments, with distinct phenotypic requirements (phe-
notypic optima A and O, respectively) in a two-trait space. Assuming a wild-type positioned in O, the 
resistance mutation R brings the phenotype closer to A. Relative to the wild type, R is therefore a ben-
eficial mutation in the treated environment. Its cost is usually defined as its fitness in the non-treated 
environment relative to the wild type, which depends on the distance between R and O on the figure. 
Note that the cost (and all fitness measures on this figure, and similar figure below) depends on Euclidian 
distances in phenotypic space, and a mapping function converting this distance to fitness (i.e. the cost is 
not distance OR, but a monotonic function of this distance). The mapping is left implicit on the figure, 
but can be thought as a third orthogonal axis representing fitness for each trait 1 – trait 2 combination, 
which defines a “fitness landscape”. The coloured inset figure represents such a fitness mapping in 3D. 
Fitness values, when projected on the phenotypic space correspond to isofitness curves (like altitude on a 
geographic map is indicated by contour lines). For instance all phenotypes on the light grey circles have 
the same fitness than mutation R in the treated environment (optimum A). The direction of the two 
optima (OA axis) defines a phenotypic trait of ‘resistance’. Variation of trait(s) orthogonal to this axis may 
be defined as pleiotropic effects. Point P1 on OA axis is such that AR = AP1. It represents the phenotypic 
point that would confer the same fitness in the treated environment compared to the mutation R, but 
that would only alter the phenotype in the exact direction of the optimum A. Point P2 is the orthogonal 
projection of R on OA axis. It represents the phenotypic point that would be reached if all the pleiotropic 
effects of the mutation R were compensated (e.g. by subsequent compensatory mutations).
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any given environment. Again, this simplified model could be more specific (with a 
particular mapping of distance to fitness) or complex but the core argument does not 
require the use of more complex situation or assumptions. We can also assume that 
the wild type is very close to O, as one would expect from the effect of past selection 
in absence of drug, and represent a resistance mutation by a vector pointing from O 
to R, where R is a phenotype closer to A than to O. The mutant is beneficial (relative 
to the wild type) in the treated environment because the distance AR is smaller than 
the distance AO. The difference between these two distances scales with the selection 
coefficient of the resistance mutation in the treated environment. The OA axis, by defi-
nition, represents the phenotypic direction of the ‘resistance’ phenotype. Point P1 on 
this axis such that AR = AP1 allows representation of the phenotypic point that would 
confer the same benefit in the treated environment compared to our resistance muta-
tion R, but that would only alter the phenotype in the exact direction of the optimum 
A. In other words, the distance OP1 scales with the selective advantage of the resistance 
mutation in the treated environment, relative to the wild type. The cost of resistance 
depends on the distance OR, as it is defined as the fitness effect of the resistance muta-
tion in the non-treated environment (again, relative to the wild type). What about the 
pleiotropic effects? Here, the OA axis represents the phenotypic axis of resistance and 
therefore, the orthogonal direction represents all other traits (here, there is only one 
other trait, because we consider only a two dimensional trait space but with n pheno-
typic traits, there would be n - 1 such traits). Hence, the ‘other’ pleiotropic effects all 
project on these axes orthogonal to OA. Furthermore, note the point P2, the projec-
tion of point R on the OA axis. The vector RP2 represents the pleiotropic effects of the 
resistance mutation. Should these effects be totally compensated, the phenotype would 
be in P2 and it would indeed enjoy a greater fitness in both the treated and non-treated 
environments (since AP2 < AR=AP1 and OP2 < OR, respectively).

This simple geometric argument indicates several things. First, pleiotropic effects 
and the ‘cost of resistance’ are two different things – biologically and geometrically – 
contrary to what is usually considered. Pleiotropic effects will be eventually compen-
sated through the well-known process of “amelioration” when the population reaches 
the phenotypic optimum after remaining exposed to the treated environment and in-
volves new resistance mutations, compensatory mutations or a mixture of mutations 
with the two properties (Cohan et al. 1994, Schrag et al. 1997, Lenski 1998, Levin et 
al. 2000, Schoustra et al. 2006, MacLean and Vogwill 2015). Cost evolution will be 
quite different, and may occur if the population is exposed, at least part time, to the 
non-treated environment (by evolution of plasticity or inducible response, e.g. Nguyen 
et al. 1989, Foucault et al. 2009). Second, the full compensation of these pleiotropic 
effects does not reduce the cost of resistance to zero. Indeed, biologically speaking, it is 
likely that acquiring ‘resistance’ requires changing at least one trait, and thus, this trait 
becomes suboptimal in the original environment for the resistant mutant. This is irre-
ducible and corresponds to the idea that different phenotypic requirements necessarily 
involve the occurrence of a fitness trade-off. In any case, there is no reason to believe 
that the deleterious pleiotropic effects of a resistance mutation at a given drug dose are 
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equal to the cost of resistance at dose zero. Finally, it points out that the fitness effects 
of mutations are not a fixed property of that mutation. It also depends largely on the 
environments (here the positions of optima). We discuss now this idea in more details.

Box 1. Correspondence between a fitness landscape model and a dose-response model. On the left panel, 
a fitness landscape model is illustrated as in Figure 1–4, in a two-traits phenotypic space. Four environ-
ments are represented with increasing concentration of a drug (with optima 0, 1, 2, 3). Environment with 
optimum 0 (in green) represents the environment without drug, while environment 1, 2, 3 represent 
increasing concentrations of the drug. In this model, fitness depends on the Euclidean distance to the 
optimum, and a mapping function (see inset of Fig. 1). It is possible to set a threshold value for absolute 
fitness below which a phenotype cannot persist / grow. This threshold is indicated by circles (the colour of 
the circle corresponds to the different environments). In many cases, resistant mutants can have a positive 
growth rate in absence of drug (while the reverse is not true: susceptible phenotype do not grow in presence 
of the drug). Hence the threshold contours will be often nested (but it is possible to imagine cases where 
this is not the case). In this representation, it is easy to see that an absolute fitness criterion ( = being within 
the threshold contour) is not synonymous with adaptation ( = being close to the optimum). The dot S 
represents the position of a susceptible phenotype, while R1 and R2 represent two resistance mutants. The 
right panel illustrates the ‘dose response’ curves relating, dose to absolute fitness, for each phenotype (S, R1, 
R2). For instance, R1 is within the threshold contour of dose 1, but not of dose 2 and 3. Hence, its dose-
response is zero for doses 2 and above. Note also that R1 is further apart from optimum 0, compared to S. 
Hence, its absolute fitness is lower than that of S at dose 0. This correspondence shows that it is entirely 
possible (and straightforward) to relate fitness modes to more traditional one-dimensional dose-response 
models. Furthermore, since LD50, IC50, MIC or other ecotoxicological measures can be defined using dose 
response, they can also be defined in the fitness landscape model. Note however that these measures have 
been rightly criticized as being only partial fitness summaries (Regoes et al. 2004, Sampah et al. 2011, Wen 
et al. 2016). They are also often obtained in absence of competition, or often concern only a particular life 
stage. Note also that absolute measures of fitness are often more appropriate (than relative fitness) when 
dealing with the demography of the treated species (Day et al. 2015). However, relative fitness is in general 
more relevant to study environment specialization, where the “cost of resistance” matters.
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Resistance mutations do not have “a cost”

From an experimentalist perspective, defining a non-treated and treated environment 
is straightforward. You first select a given environment, then you can either add the 
drug or not. With this definition, it is possible to make a very clear and clean experi-
ment demonstrating the effect of the drug, with a control. Yet, the problem is that 
there is virtually an infinite set of possible environments to start with. Which pair 
of treated/non-treated environments is relevant? This is difficult to know. It is diffi-
cult to represent the complexity of natural conditions in controlled experiment in the 
laboratory. Even trying to determine which environmental conditions corresponds to 
those an organism has been adapting to is challenging. Using ‘absolute’ demographic 
performance to answer this question may not be reliable. For instance, habitat quality 
varies and can even obscure the relationship between ‘absolute’ measures of fitness and 
environment variables (Gallet et al. 2014). For instance, E. coli in the gut of humans 
evolved for a long time at 37°C, yet it grows faster at slightly higher temperatures 
in laboratory conditions (Gonthier et al. 2001). Hence, the variation in growth rate 
(often taken as an absolute measure of fitness) may not be used so easily to infer the 
environment where adaptation took place.

In fact, it is quite straightforward to see that the cost of a mutation will be differ-
ent in varying non-treated environments. There is not “a” cost, but as many costs as 
there are different (non-treated) environments (Gassmann et al. 2009, Vila-Aiub et 
al. 2009, Angst and Hall 2013, Gifford et al. 2016), which may also be revealed by 
different compensatory evolution in different environments (Björkman et al. 2000). 
Worse, this cost of resistance may not even actually be positive, challenging the usage 
of the word “cost” itself (in the usual economic sense, a cost is necessarily positive, or 
it would not be a “cost” in the first place). In other words, the resistance mutation may 
be favourable in both the treated and non-treated environment, relative to the wild 
type (see examples in Kassen and Bataillon 2006, Melnyk et al. 2015). This can occur 
for many reasons, but globally will occur often when the wild-type is well adapted 
neither to the treated nor to the non-treated environment (Martin and Lenormand 
2015). Such a situation is illustrated on Figure 2. Let us keep the position of the wild 
type and resistance mutant in O and R, respectively. Let us also keep the position of 
the optimal phenotype in the treated environment (in A). Now, let us consider that the 
optimal phenotype in the non-treated environment is not O, as in Figure 1, but is B. 
Reporting the point P3 such that BP3 = BR, we see that the distance to the non-treated 
optimum is greater for the wild type than for the mutant (i.e. BR < BO). The differ-
ence between BR and BO actually corresponds to OP3. When the resistance mutant 
is favourable in both the treated and non-treated environments (like in this example), 
the term ‘cost’ becomes confusing since it implies talking about a ‘negative cost’. It 
would also, in this case, be unclear to interpret costs as deleterious pleiotropic effects 
(since there is no deleterious effect in the first place). If costs are not pleiotropic effects 
and not even costly (meaning deleterious), the terminology and its usual interpreta-
tion start obscuring things instead of clarifying them.
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Such situation happens when RB ≤ OB i.e. when the wild-type and the resistance 
mutant are at least equally distant from the non-treated optimal phenotype. Because 
such situations are quite common (either because we cannot properly reproduce natu-
ral conditions experimentally, or because wild type genotypes are not well adapted to 
their environment), it is perhaps not very surprising that sometimes “cost free” resist-
ance mutation or even “negative cost” are found. All these situations can occur but are 
unrelated to the pleiotropic effects of the resistance mutation (as defined in the previous 
section). Importantly, finding an absence of cost or even ‘negative costs’ do not indicate 
necessarily that there is no phenotypic trade-off between the treated and non-treated 
environment (and indeed, on the Figure 2A, B are distinct points, indicating that there 
is a phenotypic trade-off, despite that no cost is detected). It can simply indicate that 
the wild-type reference is not adapted well to the non-treated environment. At this 
point, one might argue that all this confusion arises because the mutation R was not a 

Figure 2. Graph of treated and non-treated environments, with distinct phenotypic requirements (phe-
notypic optima A and B, respectively) in a two-trait space. Relative to a wild-type positioned in O, the 
resistance mutation R brings the phenotype closer to A. As in Figure 1, R is therefore a beneficial muta-
tion relative to the wild type O in the treated environment (with optimum A). However, its cost is now 
“negative” in the non-treated environment, as R is also closer to B compared to the wild type O. The point 
P3 is such that BP3 = BR. The distance to the non-treated optimum B is greater for the wild type O than 
for the mutant R (i.e. BR < BO). The distance difference between BR and BO corresponds to OP3. As in 
Figure 1, all fitness measures depend on the phenotypic distances illustrated and a mapping that could be 
represented as a third orthogonal axis representing fitness. This fitness axis is not shown. All phenotypes 
on the light grey circles have the same fitness than mutation R in the treated environment (optimum A, 
large circle) and non-treated environment (optimum B, small circle).



Cost of resistance: an unreasonably expensive concept 61

“resistance” mutation to begin with. The mutation R is beneficial in both the treated 
and non-treated environment, and so, it may be better interpreted as a beneficial muta-
tion to the non-treated environment than as a ‘resistance’ mutation. For instance, if we 
are talking about a bacteria mutant showing this property in a laboratory test, we may 
want to say that the mutation R corresponds to adaptation to the “laboratory condi-
tion”, not really to the drug per se. But, then, how is a resistance mutation truly defined?

What is a resistance mutation?

If resistance mutations cannot be defined by the fact that they are beneficial in the 
treated environment, relative to wild type (as we did up to now), then, how do we clas-
sify them? In fact, it might be possible to define them more specifically by saying that 
they are beneficial in the treated environment relatively to wild type, provided that the 
wild type is perfectly well adapted to the corresponding non-treated environment. In 
principle, this definition makes sense, as it avoids conflating adaptation to conditions 
that are shared by both treated and non-treated environments, with adaptation to the 
drug itself. Yet, with this definition, the mutation R illustrated on Figure 2 would still 
be a beneficial mutation in the treated environment. R is closer to A (the optimum 
with the drug) than would a wild type well adapted to the non-treated environment 
(distance RA < AB). In such a case, the phenotypic direction corresponding to resist-
ance would be the AB axis (and the pleiotropic effects best defined on axes orthogonal 
to AB). This would be in general clearer and more insightful. With such a definition, 
it is possible to distinguish mutation R and R’ on Figure 3 for instance. Both would be 
beneficial in both treated and non-treated environment, relative to a wild-type in O, 
but only R would be beneficial in the treated environment relative to a wild-type in B.

The problem is that measures of fitness will be made against a wild-type and it may 
not be straightforward to determine whether this wild type is well adapted to the non-
treated environment (but not impossible, as e.g. in cases of experimental evolution in 
the laboratory where the wild type can be chosen as the type that evolved in the non 
treated environment for a long time). Without this knowledge, it may be very difficult 
to classify mutations that are specifically beneficial in the treated environment (i.e. 
“resistance” mutations as defined here), versus mutations that are beneficial in both 
treated and non-treated environments (see e.g. Marcusson et al. 2009 for an example 
of this problem).

There is yet another difficulty lurking in the vast range of possible natural situa-
tions. Just as there are many non-treated environments, there may be many treated 
environments as well. In particular, any drug may be added in different quantities 
or concentrations to any given environment. Here resides a problem, which is rarely 
addressed in studies on resistance: different drug concentrations can correspond to 
different intensities of selection (Milesi et al. 2016), but they can also correspond to 
different optimum phenotypes (Harmand et al. 2017). This possibility needs to be 
demonstrated empirically (as in Harmand et al. 2018), and cannot be ignored a priori. 



Thomas Lenormand et al.  /  Rethinking Ecology 3: 51–70 (2018)62

Admitting that natural processes have some degree of continuity, it is likely that differ-
ing doses end up corresponding to different phenotypic optima. Indeed, it is difficult 
to conceive that adding a vanishingly small quantity of drug suddenly shifts away 
phenotypic requirements, and that further increases in doses only change the selec-
tion intensity around that shifted phenotypic peak. Hence, in practice, different drug 
concentrations are likely to correspond to both different intensities of selection and 
different phenotypic optima.

If different drug doses correspond to different optima (say A1 and A2 on Figure 4), 
it is fairly easy to imagine two mutations R1 and R2 that would qualify as resistance 
mutations, in each of the two environments, but not in the other. On Figure 4, R1 is 
a resistance mutation for drug dose 1 (optimum A1), but not for drug dose 2 (opti-
mum A2), and reciprocally for R2. This difference does not arise because these muta-
tions have different “costs”. In fact, the two mutations illustrated on Figure 4 have 

Figure 3. Sketch of treated and non-treated environments, with distinct phenotypic requirements (phe-
notypic optima A and B, respectively) in a two-trait space. Relative to a wild-type positioned in O, both 
the resistance mutation R and R’ brings the phenotype closer to A. As in Figure 1, they are therefore 
both beneficial mutations, to the treated environment, relative to the wild type O. However, if resistance 
is defined by comparing to a wild-type well adapted to the non-treated environment (i.e. to a wild type 
located on B), then only mutation R would be beneficial, and therefore could qualify as being a resist-
ance mutation. With this comparison, costs would also be better defined (i.e. would always be positive). 
As with Figure 1, 2, fitness depends on phenotypic distance and a mapping, which is not illustrated but 
would correspond to a third orthogonal axis.
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the same cost (the same fitness in non-treated environment B). This situation occurs 
because phenotypic requirement is different with different doses, such that a pheno-
typic change can be favourable in one environment (here one dose), but not another. 
‘Resistance mutations’ can differ not only in their benefit and costs at a given drug 
dose, but also in their fitness effects at other doses. When optima for doses are differ-
ent, there are many underlying trade-offs, which are not necessarily caused by differ-
ing costs in the non-treated environment (Harmand et al. 2018). Trade-offs among 
doses are not captured by studying costs. A common view is that mutations confer-
ring strong resistance (i.e. resistance to a high dose) may carry strong costs (Melnyk 
et al. 2015), explaining perhaps why they may not be beneficial at a lower dose. This 
may well be true, but not necessarily (Harmand et al. 2017). A mutation favourable 
at high dose may be deleterious at low dose, irrespectively of its cost. This is the case 
illustrated on Figure 4. Studying “cost” and “benefit” at one particular dose may give 
the illusion that all trade-offs are understood. In fact, this is not the case: all trade-offs 
among doses will be missed.

Figure 4. Sketch of a non-treated environment (phenotypic optimum in B) and two treated environ-
ments, with different doses of drug (optima A1 and A2). Two mutations are illustrated, with fitness effects 
compared to a wild type well adapted to the non-treated environment (i.e. located at B). Using the defini-
tion from Figure 3, R1 is a resistance mutation with respect to environment A1, but not with respect to 
environment A2, and reciprocally for mutation R2. Nevertheless, both mutations have the same cost. As 
with Figure 1 to 3, fitness depends on phenotypic distance and a mapping, which is not illustrated but 
would correspond to a third orthogonal axis.
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Summary, conclusion and practical implications

Taking into account the ‘cost of resistance’ has been a major progress because it is es-
sential to distinguish the fitness effects of resistance mutations in treated versus non-
treated environments. However, this cost is also very expensive conceptually as it is 
associated with too many simplifications, to the point that it may even be misleading. 
In practical terms, should the term ‘cost of resistance’ be avoided? The term is ex-
tremely widespread and in many cases, it has at least the merit of attracting attention 
to the fact that fitness effects are different in different environments. In most cases and 
depending on context, the more robust concepts of fitness trade-off across environ-
ments or pleiotropy could be used, although the concision of the expression “cost of 
resistance” will be difficult to match. We hope that this perspective will help correcting 
some of the sloppy usage of the term and dismiss the implicit expectations based on 
this terminology.

(1)	 The interpretation of “cost” in terms of pleiotropic effects is very unclear. Pleio-
tropic effects may be better defined as effects projected on phenotypic axes or-
thogonal to resistance phenotype, than in terms of fitness effect in the non-treated 
environment (see Figure 1). In practical terms, this indicates that the fitness effects 
across environments should be better distinguished from pleiotropic effects. Plei-
otropy is not necessarily the cause of fitness trade-off. A single trait can present 
different optimal values in different environments and primary resistance traits can 
exhibit a trade-off without having a pleiotropic effect. This clarifies our expecta-
tion about the process of adaptation: compensatory evolution is not expected to 
systematically reduce the “cost of resistance” to zero.

(2)	 There are as many costs as there are non-treated environments. The idea that there is 
one cost associated with a resistance mutation is an extreme and naïve simplification. 
In practice, this indicates that studying the fitness effects of resistance mutations “in 
the wild” (i.e. beyond the simplified laboratory conditions) is very important.

(3)	 Costs of resistance are ill defined when several precautions are not taken. For in-
stance, failing to measure costs relative to a well-adapted wild type to the non-
treated environment can lead to absurd notions, such as ‘negative costs’ that serve 
no conceptual clarification (Figure 2). In practice, these precautions can be very dif-
ficult to meet, as the degree of adaptation of the wild type to the non-treated envi-
ronment will be in general difficult to assess, but steps can be taken in that direction 
(e.g. by carefully choosing the reference genotype and the reference environment). 
In any case, this issue is important to keep in mind when interpreting results.

(4)	 The concept of cost leads to an oversimplified and often erroneous view of trade-
offs across environments. Finding costs equal to zero (i) cannot be used to say that 
there is no trade-offs between treated and non-treated environments; (ii) cannot 
be interpreted by saying that pleiotropic effects were compensated; (iii) completely 
misses the possibility that fitness trade-off may occur among different doses. In 
practice, finding a mutation with no “cost” (or a “negative cost”), should not be 
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surprising. It does not prove the existence of “Darwinian demons”; it should not 
be used to imply that there are no trade-off across environments and therefore 
that resistance management strategies will necessary fail. As we have shown, this 
finding can simply result from a particular choice for the reference genotype and 
environment. Considering fitness effects across the range of possible doses is also 
important beyond the simplified conditions of most lab-based ecotoxicological 
tests and ecotoxicological fitness proxies such as LD50, MIC, dose responses etc. 
Importantly, finding that resistance mutations are not favourable at all doses can-
not be attributed to their “cost”. For instance, high resistance mutations may not 
be beneficial at low doses, not because they have a high cost, but simply because 
they do not match phenotypic requirements that are optimal at low dose. Here 
again, the concept of cost leads in practice to biased expectations. Finally, observ-
ing that a resistance mutation does not decrease in frequency after an arrest of 
treatment, is not proving that there is “no cost” or no trade-off across environ-
ments. Other causes of frequency changes must be first investigated (i.e. effect of 
gene flow, effect of residual or hidden treatments, drift, indirect selection) as well 
as possible ascertainment biases (low power to detect slow frequency change).

(5)	 Overall, it may be safer in most cases to simply discuss and measure the fitness 
effects of mutation in different environments and to carefully consider the role of 
the reference genotype/phenotype when interpreting relative fitnesses. All these 
points hold for many other situations of adaptation besides resistance, but this is 
perhaps where the vocabulary and the conceptual issues are the most acute and 
widespread. Differences among selective conditions and the occurrence of pleiot-
ropy are both important ideas in evolutionary ecology. However, they cannot be 
solely summarized by assigning resistance mutations a ‘benefit’ and ‘a cost’ and 
essentialize their properties. There is a problem with a reduction of evolutionary 
thinking to a cost-benefit thinking, with “fitness” as a universal currency, valid 
regardless of ecological conditions. Although fitness is a general concept and a 
universal currency for adaptation, different conditions entail different fitnesses and 
possibly different phenotypic requirements (different adaptations). The vocabulary 
that we use should not oversimplify these ideas.

AUTHOR CONTRIBUTION

Designed and wrote the manuscript: TL, NH, RG. Prepared the figures: TL.

Authors Contribution ACI

TL 0.70 4.667

NH 0.15 0.353

RG 0.15 0.353



Thomas Lenormand et al.  /  Rethinking Ecology 3: 51–70 (2018)66

Acknowledgments

We thank Helen Alexander, Danna Gifford, Inês Fragata and Claudia Bank for comments 
on the manuscript. We thank G. Martin for insightful discussions. This paper was reviewed 
and recommended by Peer Community in Evolutionary Biology (https://bit.ly/2ExMgZg). 
This work was supported by the ANR grant SilentAdapt.

References

Abedi ZH, Brown AWA (1960) Development and reversion of DDT resistance in Aedes aegypti. 
Canadian Journal of Genetics and Cytology 2: 252–261. https://doi.org/10.1139/g60-025

Anderson RM, May RM (1982) Coevolution of hosts and parasites. Parasitology 85: 411–426. 
https://doi.org/10.1017/S0031182000055360

Andersson DI, Hughes D (2010) Antibiotic resistance and its cost: is it possible to reverse resist-
ance? Nature Reviews Microbiology 8: 260–271. https://doi.org/10.1038/nrmicro2319

Andersson DI, Levin BR (1999) The biological cost of antibiotic resistance. Current opinion in 
microbiology 2: 489–93. https://doi.org/10.1016/S1369-5274(99)00005-3

Angst DC, Hall AR (2013) The cost of antibiotic resistance depends on evolutionary history in 
Escherichia coli. BMC Evolutionary Biology 13. https://doi.org/10.1186/1471-2148-13-163

Antonovics J (1977) Metal tolerance in plants: perfecting an evolutionary paradigm. In: U. of 
T. Institute for Environmental Studies (Ed.) International Conference on Heavy Metals in 
the Environment. Toronto, 169–186.

Bataillon T, Zhang T, Kassen R (2011) Cost of adaptation and fitness effects of beneficial 
mutations in Pseudomonas fluorescens. Genetics 189: 939–949. https://doi.org/10.1534/
genetics.111.130468

Bell G (2008) Selection. Oxford Univ. Press, Oxford.
Bergelson J, Purrington CB (1996) Surveying Patterns in the Cost of Resistance in Plants. The 

American Naturalist 148: 536–558. https://doi.org/10.1086/285938
Björkman J, Nagaev I, Berg OG, Hughes D, Andersson DI (2000) Effects of environment on 

compensatory mutations to ameliorate costs of antibiotic resistance. Science 287: 1479–
1482. https://doi.org/10.1126/science.287.5457.1479

Bourguet D, Prout M, Raymond M (1996) Dominance of insecticide resistance presents a 
plastic response. Genetics 143: 407–416.

Bradshaw AD (1984) Adaptation of plants to soils containing toxic metals – a test for con-
ceit. In Evered D, Collins GM (Eds) Ciba Foundation Symposium – Origins and De-
velopment of Adaptation, Volume 102. Pitman Books, London, 4–19. https://doi.
org/10.1002/9780470720837.ch2

Carrière Y, Deland J, Roff D, Vincent C (1994) Life-history costs associated with the evolution 
of insecticide resistance. Proceedings of the Royal Society of London B: Biological Sciences 
258. https://doi.org/10.1098/rspb.1994.0138

Chevin LM, Hospital F (2008) Selective sweep at a quantitative trait locus in the presence of 
background genetic variation. Genetics 180: 1645–1660. https://doi.org/10.1534/genet-
ics.108.093351

https://bit.ly/2ExMgZg
https://doi.org/10.1139/g60-025
https://doi.org/10.1017/S0031182000055360
https://doi.org/10.1038/nrmicro2319
https://doi.org/10.1016/S1369-5274(99)00005-3
https://doi.org/10.1186/1471-2148-13-163
https://doi.org/10.1534/genetics.111.130468
https://doi.org/10.1534/genetics.111.130468
https://doi.org/10.1086/285938
https://doi.org/10.1126/science.287.5457.1479
https://doi.org/10.1002/9780470720837.ch2
https://doi.org/10.1002/9780470720837.ch2
https://doi.org/10.1098/rspb.1994.0138
https://doi.org/10.1534/genetics.108.093351
https://doi.org/10.1534/genetics.108.093351


Cost of resistance: an unreasonably expensive concept 67

Cohan FM, King EC, Zawadzki P (1994) Amelioration of the deleterious pleiotropic ef-
fects of an adaptive mutation in Bacillus subtilis. Evolution 48: 81–95. https://doi.
org/10.1111/j.1558-5646.1994.tb01296.x

Curtis CF, Cook LM, Wood RJ (1978) Selection for and against insecticide resistance and pos-
sible methods of inhibiting the evolution of resistance in mosquitoes. Ecological Entomol-
ogy 3: 228–273. https://doi.org/10.1111/j.1365-2311.1978.tb00928.x

Cvijović I, Good BH, Jerison ER, Desai MM (2015) Fate of a mutation in a fluctuating envi-
ronment. Proceedings of the National Academy of Sciences of the United States of America 
112: e5021-8. https://doi.org/10.1073/pnas.1505406112

Davies AG, Game AY, Chen Z, Williams TJ, Goodall S, Yen JL, McKenzie JA, et al. (1996) 
Scalloped wings is the Lucilia cuprina Notch homologue and a candidate for the Modifier 
of fitness and asymmetry of diazinon resistance. Genetics 143: 1321–1337.

Day T, Huijben S, Read AF (2015) Is selection relevant in the evolutionary emergence of drug 
resistance? Trends in microbiology 23: 126–33. https://doi.org/10.1016/j.tim.2015.01.005

Depledge M (2011) Reduce drug waste in the environment. Nature 478: 36. https://doi.
org/10.1038/478036a

Dobzhansky T (1951) Genetics and the Origin of Species (3rd edn). Columbia University Press, 
New York.

Endler JA (1977) Geographic Variation, Speciation and Clines. Princeton University Press, 
Princeton.

Eyre-Walker A, Keightley PD (2007) The distribution of fitness effects of new mutations. Na-
ture Reviews Genetics 8: 610–618. https://doi.org/10.1038/nrg2146

Foucault ML, Courvalin P, Grillot-Courvalin C (2009) Fitness cost of VanA-type vancomycin 
resistance in methicillin-resistant Staphylococcus aureus. Antimicrobial Agents and Chemo-
therapy 53: 2354–2359. https://doi.org/10.1128/AAC.01702-08

Gallet R, Latour Y, Hughes BSBS, Lenormand T (2014) The dynamics of niche evolution upon 
abrupt environmental change. Evolution 68: 1257–1269. https://doi.org/10.1111/evo.12359

Gassmann AJ, Carrière Y, Tabashnik BE (2009) Fitness Costs of Insect Resistance to Bacillus 
thuringiensis. Annual Review of Entomology 54: 147–163. https://doi.org/10.1146/an-
nurev.ento.54.110807.090518

Georghiou GP, Taylor CE (1977) Genetic and biological influences in the evolution of insecti-
cide resistance. Journal of Economic Entomology  70: 319–323. https://doi.org/10.1093/
jee/70.3.319

Gifford D, Moss E, MacLean R (2016) Environmental variation alters the fitness effects of ri-
fampicin resistance mutations in Pseudomonas aeruginosa. Evolution 70: 725–730. https://
doi.org/10.1111/evo.12880

Gillespie JH (1975) Natural selection for resistance to epidemics. Ecology 56: 493–495. htt-
ps://doi.org/10.2307/1934983

Gonthier A, Guerin-Faublee V, Tilly B, Delignette-Muller M-L (2001) Optimal growth tem-
perature of O157 and non-O157 Escherichia coli strains. Letters in Applied Microbiology 
33: 352–356. https://doi.org/10.1046/j.1472-765X.2001.01010.x

Guillemaud T, Lenormand T, Bourguet D, Chevillon C, Pasteur N, Raymond M (1998) Evo-
lution of resistance in Culex pipiens: allele replacement and changing environment. Evolu-
tion 52: 443–453.

https://doi.org/10.1111/j.1558-5646.1994.tb01296.x
https://doi.org/10.1111/j.1558-5646.1994.tb01296.x
https://doi.org/10.1111/j.1365-2311.1978.tb00928.x
https://doi.org/10.1073/pnas.1505406112
https://doi.org/10.1016/j.tim.2015.01.005
https://doi.org/10.1038/478036a
https://doi.org/10.1038/478036a
https://doi.org/10.1038/nrg2146
https://doi.org/10.1128/AAC.01702-08
https://doi.org/10.1111/evo.12359
https://doi.org/10.1146/annurev.ento.54.110807.090518
https://doi.org/10.1146/annurev.ento.54.110807.090518
https://doi.org/10.1093/jee/70.3.319
https://doi.org/10.1093/jee/70.3.319
https://doi.org/10.1111/evo.12880
https://doi.org/10.1111/evo.12880
https://doi.org/10.2307/1934983
https://doi.org/10.2307/1934983
https://doi.org/10.1046/j.1472-765X.2001.01010.x


Thomas Lenormand et al.  /  Rethinking Ecology 3: 51–70 (2018)68

Haldane JBS (1948) The theory of a cline. Journal of Genetics 48: 277–284. https://doi.
org/10.1007/BF02986626

Harmand N, Gallet R, Jabbour-Zahab R, Martin G, Lenormand T (2017) Fisher’s geometrical 
model and the mutational patterns of antibiotic resistance across dose gradients. Evolution 
71: 23–37. https://doi.org/10.1111/evo.13111

Harmand N, Gallet R, Martin G, Lenormand T (2018) Evolution of bacteria specialization along 
an antibiotic dose gradient. Evolution Letters 2: 221–232. https://doi.org/10.1002/evl3.52

Hartl DL, Taubes CH (1998) Towards a theory of evolutionary adaptation. Genetica 103: 
525–533. https://doi.org/10.1023/A:1017071901530

Hickey DA, McNelly T (1975) Competition Between Metal Tolerant and Normal Plant 
Populations; A Field Experiment on Normal Soil. Evolution 29: 458–464. https://doi.
org/10.1111/j.1558-5646.1975.tb00835.x

Jacobs BF, Duesing JH, Antonovics J, Patterson DT (1988) Growth performance of triazine-
resistant and -susceptible biotypes of Solanum nigrum over a range of temperatures. Cana-
dian Journal of Botany 66: 847–850. https://doi.org/10.1139/b88-123

Jain SK, Bradshaw AD (1966) Evolutionnary divergence among adjacent plant populations. I. 
The evidence and its theoretical analysis. Heredity 21: 407–441. https://doi.org/10.1038/
hdy.1966.42

Kassen R, Bataillon T (2006) Distribution of fitness effects among beneficial mutations before 
selection in experimental populations of bacteria. Nature Genetics 38: 484–488. https://
doi.org/10.1038/ng1751

Labbé P, Sidos N, Raymond M, Lenormand T (2009) Resistance Gene Replacement in the 
mosquito Culex pipiens: fitness estimation from long-term cline series. Genetics 182: 303–
12. https://doi.org/10.1534/genetics.109.101444

Lande R (1980) The Genetic Covariance between Characters Maintained by Pleiotropic Muta-
tions. Genetics 94: 203–215.

Lande R (1983) The response to selection on major and minor mutations affecting a metrical 
trait. Heredity 50: 47–65. https://doi.org/10.1038/hdy.1983.6

Lenormand T (2002) Gene flow and the limits to natural selection. Trends in Ecology and 
Evolution 17: 183–189. https://doi.org/10.1016/S0169-5347(02)02497-7

Lenormand T, Bourguet D, Guillemaud T, Raymond M (1999) Tracking the evolution of 
insecticide resistance in the mosquito Culex pipiens. Nature 400: 861–864. https://doi.
org/10.1038/23685

Lenormand T, Guillemaud T, Bourguet D, Raymond M (1998) Evaluating gene flow using 
selected markers: a case study. Genetics 149: 1383–1392.

Lenormand T, Raymond M (1998) Resistance management: the stable zone strategy. Pro-
ceedings of the Royal Society of London B 265: 1985–1990. https://doi.org/10.1098/
rspb.1998.0529

Lenormand T, Raymond M (2000) Analysis of clines with variable selection and variable migra-
tion. The American Naturalist 155: 70–82. https://doi.org/10.1086/303295

Lenski RE (1988) Experimental studies of pleiotropy and epistasis in Escherichia coli. I. Vari-
ation in competitive fitness among mutant resistant to virus T4. Evolution 42: 425–432.

Lenski RE (1998) Bacterial evolution and the cost of antibiotic resistance. International micro-
biology 1: 265–70.

https://doi.org/10.1007/BF02986626
https://doi.org/10.1007/BF02986626
https://doi.org/10.1111/evo.13111
https://doi.org/10.1002/evl3.52
https://doi.org/10.1023/A:1017071901530
https://doi.org/10.1111/j.1558-5646.1975.tb00835.x
https://doi.org/10.1111/j.1558-5646.1975.tb00835.x
https://doi.org/10.1139/b88-123
https://doi.org/10.1038/hdy.1966.42
https://doi.org/10.1038/hdy.1966.42
https://doi.org/10.1038/ng1751
https://doi.org/10.1038/ng1751
https://doi.org/10.1534/genetics.109.101444
https://doi.org/10.1038/hdy.1983.6
https://doi.org/10.1016/S0169-5347(02)02497-7
https://doi.org/10.1038/23685
https://doi.org/10.1038/23685
https://doi.org/10.1098/rspb.1998.0529
https://doi.org/10.1098/rspb.1998.0529
https://doi.org/10.1086/303295


Cost of resistance: an unreasonably expensive concept 69

Leonard KJ, Czochor RJ (1980) Theory of genetic interactions among populations of plants and 
their pathogens. Annual Review of Phytopathology 18: 237–258. https://doi.org/10.1146/
annurev.py.18.090180.001321

Levene H (1953) Genetic equilibrium when more than one ecological niche is available. Ameri-
can Naturalist 87: 331–333. https://doi.org/10.1086/281792

Levin BR, Perrot V, Walker N (2000) Compensatory mutations, antibiotic resistance and the 
population genetics of adaptive evolution in bacteria. Genetics 154: 985–997.

Levison ME, Levison JH (2009) Pharmacokinetics and pharmacodynamics of antibacte-
rial agents. Infectious Disease Clinics of North America 23: 791–797. https://doi.
org/10.1016/j.idc.2009.06.008

MacLean RC, Vogwill T (2015) Limits to compensatory adaptation and the persistence of 
antibiotic resistance in pathogenic bacteria. Evolution, Medicine, and Public Health 2015: 
4–12. https://doi.org/10.1093/emph/eou032

Manna F, Martin G, Lenormand T (2011) Fitness landscapes: An alternative theory for the 
dominance of mutation. Genetics 189. https://doi.org/10.1534/genetics.111.132944

Marcusson LL, Frimodt-Møller N, Hughes D (2009) Interplay in the selection of fluoroquinolone re-
sistance and bacterial fitness. PLoS Pathogens 5. https://doi.org/10.1371/journal.ppat.1000541

Martin G, Lenormand T (2006a) A general multivariate extension of Fisher’s geometrical mod-
el and the distribution of mutation fitness effects across species. Evolution 60: 893–907. 
https://doi.org/10.1111/j.0014-3820.2006.tb01169.x

Martin G, Lenormand T (2006b) The fitness effect of mutations across environments: a 
survey in the light of fitness landscape models. Evolution 60: 2413–2427. https://doi.
org/10.1111/j.0014-3820.2006.tb01878.x

Martin G, Lenormand T (2015) The fitness effect of mutations across environments: Fish-
er’s geometrical model with multiple optima. Evolution 69: 1433–1447. https://doi.
org/10.1111/evo.12671

May RM, Dobson AP (1986) Population Dynamics and the Rate of Evolution of Pesticide 
Resistance. In: National Research Council, US (Ed.) Pesticide Resistance: Strategies and 
Tactics for Management. The National Academies Press, Washington, DC, 170–193.

McKenzie JA, Whitten MJ, Adena MA (1982) The effect of genetic background on the fitness 
of diazinon resistance genotypes of the australian sheep blowfly, Lucilia cuprina. Heredity 
49: 1–9. https://doi.org/10.1038/hdy.1982.60

Melnyk AH, Wong A, Kassen R (2015) The fitness costs of antibiotic resistance mutations. 
Evolutionary Applications 8: 273–283. https://doi.org/10.1111/eva.12196

Milesi P, Lenormand T, Lagneau C, Weill M, Labbé P (2016) Relating fitness to long-term 
environmental variations in natura. Molecular Ecology 25: 5483–5499. https://doi.
org/10.1111/mec.13855

Nagylaki T (1975) Conditions for the existence of clines. Genetics 80: 595–615.
Neve P, Powles S (2005) High survival frequencies at low herbicide use rates in populations of 

Lolium rigidum result in rapid evolution of herbicide resistance. Heredity 95: 485–492. 
https://doi.org/10.1038/sj.hdy.6800751

Nguyen TN, Phan QG, Duong LP, Bertrand KP, Lenski RE (1989) Effects of carriage and ex-
pression of the Tn10 tetracycline-resistance operon on the fitness of Escherichia coli K12. 
Molecular Biology and Evolution 6: 213–225.

https://doi.org/10.1146/annurev.py.18.090180.001321
https://doi.org/10.1146/annurev.py.18.090180.001321
https://doi.org/10.1086/281792
https://doi.org/10.1016/j.idc.2009.06.008
https://doi.org/10.1016/j.idc.2009.06.008
https://doi.org/10.1093/emph/eou032
https://doi.org/10.1534/genetics.111.132944
https://doi.org/10.1371/journal.ppat.1000541
https://doi.org/10.1111/j.0014-3820.2006.tb01169.x
https://doi.org/10.1111/j.0014-3820.2006.tb01878.x
https://doi.org/10.1111/j.0014-3820.2006.tb01878.x
https://doi.org/10.1111/evo.12671
https://doi.org/10.1111/evo.12671
https://doi.org/10.1038/hdy.1982.60
https://doi.org/10.1111/eva.12196
https://doi.org/10.1111/mec.13855
https://doi.org/10.1111/mec.13855
https://doi.org/10.1038/sj.hdy.6800751


Thomas Lenormand et al.  /  Rethinking Ecology 3: 51–70 (2018)70

Orr HA (1998) The population genetics of adaptation: The distribution of factors fixed during adap-
tive evolution. Evolution 52: 935–949. https://doi.org/10.1111/j.1558-5646.1998.tb01823.x

Orr HA (2005) The genetic theory of adaptation: A brief history. Nature Reviews Genetics 6: 
119–127. https://doi.org/10.1038/nrg1523

Regoes RR, Wiuff C, Zappala RM, Garner KN, Baquero F, Levin BR (2004) Pharmacody-
namic functions: a multiparameter approach to the design of antibiotic treatment regi-
mens. Antimicrobial agents and chemotherapy 48: 3670–6. https://doi.org/10.1128/
AAC.48.10.3670-3676.2004

Sampah MES, Shen L, Jilek BL, Siliciano RF (2011) Dose-response curve slope is a missing 
dimension in the analysis of HIV-1 drug resistance. Proceedings of the National Acad-
emy of Sciences of the United States of America 108: 7613–8. https://doi.org/10.1073/
pnas.1018360108

Schoustra SE, Debets AJM, Slakhorst M, Hoekstra RF (2006) Reducing the cost of resistance; 
experimental evolution in the filamentous fungus Aspergillus nidulans. Journal of evolu-
tionary biology 19: 1115–27. https://doi.org/10.1111/j.1420-9101.2006.01102.x

Schrag SJ, Perrot V, Levin BR (1997) Adaptation to the fitness costs of antibiotic resistance 
in Escherichia coli. Proceedings. Biological sciences / The Royal Society 264: 1287–91. 
https://doi.org/10.1098/rspb.1997.0178

Simms EL, Rausher MD (1987) Costs and Benefits of Plant Resistance to Herbivory. The 
American Naturalist 130: 570–581. https://doi.org/10.1086/284731

Smith P, Townsend MG, Smith RH (1991) A Cost of Resistance in the Brown Rat? Reduced 
Growth Rate in Warfarin-Resistant Lines. Functional Ecology 5: 441–447. https://doi.
org/10.2307/2389816

Sousa A, Magalhães S, Gordo I (2012) Cost of antibiotic resistance and the geometry of adapta-
tion. Molecular biology and evolution 29: 1417–28. https://doi.org/10.1093/molbev/msr302

Suckling DM, Khoo JGI (1993) Cline in frequency of azinphosmethyl resistance in light 
brown apple moth (Lepidoptera: Tortricidae). J. Econ. Entomol. 86: 1308–1316. https://
doi.org/10.1093/jee/86.5.1308

Thiele-Bruhn S (2003) Pharmaceutical antibiotic compounds in soils - a review. Journal of 
plant nutrition and soil science 166: 145–167. https://doi.org/10.1002/jpln.200390023

Ventola CL (2015) The antibiotic resistance crisis: part 1: causes and threats. P & T: a peer-
reviewed journal for formulary management 40: 277–83.

Vila-Aiub MM, Neve P, Powles SB (2009) Fitness costs associated with evolved herbicide re-
sistance alleles in plants. New Phytologist 184: 751–767. https://doi.org/10.1111/j.1469-
8137.2009.03055.x

Wen X, Gehring R, Stallbaumer A, Riviere JE, Volkova V V. (2016) Limitations of MIC as sole 
metric of pharmacodynamic response across the range of antimicrobial susceptibilities with-
in a single bacterial species. Scientific Reports 6: 37907. https://doi.org/10.1038/srep37907

Wilson JB (1988) The cost of heavy-metal tolerance: an example. Evolution 42: 408–413. 
https://doi.org/10.1111/j.1558-5646.1988.tb04146.x

Windle PN, Franz EH (1979) The Effects of Insect Parasitism on Plant Competition: Green-
bugs and Barley. Ecology 60: 521–529. https://doi.org/10.2307/1936072

World Health Organization (2014) Antimicrobial Resistance Global Report on Surveillance.

https://doi.org/10.1111/j.1558-5646.1998.tb01823.x
https://doi.org/10.1038/nrg1523
https://doi.org/10.1128/AAC.48.10.3670-3676.2004
https://doi.org/10.1128/AAC.48.10.3670-3676.2004
https://doi.org/10.1073/pnas.1018360108
https://doi.org/10.1073/pnas.1018360108
https://doi.org/10.1111/j.1420-9101.2006.01102.x
https://doi.org/10.1098/rspb.1997.0178
https://doi.org/10.1086/284731
https://doi.org/10.2307/2389816
https://doi.org/10.2307/2389816
https://doi.org/10.1093/molbev/msr302
https://doi.org/10.1093/jee/86.5.1308
https://doi.org/10.1093/jee/86.5.1308
https://doi.org/10.1002/jpln.200390023
https://doi.org/10.1111/j.1469-8137.2009.03055.x
https://doi.org/10.1111/j.1469-8137.2009.03055.x
https://doi.org/10.1038/srep37907
https://doi.org/10.1111/j.1558-5646.1988.tb04146.x
https://doi.org/10.2307/1936072

	Cost of resistance: an unreasonably expensive concept
	Abstract
	Introduction
	Resistance mutations as beneficial mutations
	The context dependence of fitness effects
	The cost of resistance

	Costs of resistance are not equivalent to pleiotropic effects
	Resistance mutations do not have “a cost”
	What is a resistance mutation?
	Summary, conclusion and practical implications
	AUTHOR CONTRIBUTION
	Acknowledgments
	References

