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The evolution of insecticide resistance by crop pests and disease vectors causes serious problems for agriculture and health. Sexual

selection can accelerate or hinder adaptation to abiotic challenges in a variety of ways, but the effect of sexual selection on

resistance evolution is little studied. Here, we examine this question using experimental evolution in the pest insect Tribolium

castaneum. The experimental removal of sexual selection slowed the evolution of resistance in populations treated with pyrethroid

pesticide, and also reduced the rate at which resistance was lost from pesticide-free populations. These results suggest that selection

arising from variance in mating and fertilization success can augment natural selection on pesticide resistance, meaning that sexual

selection should be considered when designing strategies to limit the evolution of pesticide resistance.
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Sexual selection results from the variance in fitness caused by

competition between members of the same sex over opposite-

sex mates and their gametes (Darwin 1871). Sexual selection has

been hypothesized to augment natural selection, increasing the

rate of adaptation and helping to purge deleterious mutations (e.g.,

Darwin 1871; Manning 1984; Agrawal 2001; Siller 2001; Whit-

lock and Agrawal 2009). This hypothesis derives partly from ob-

servations that many traits that influence mating success, such as

sexually selected “ornaments” and mate-seeking behavior, show

condition-dependent expression. Thus, any locus that contributes

to variation in condition is subject to sexual selection (Rowe and

Houle 1996; Whitlock and Agrawal 2009). Sexual selection might

therefore affect the majority of the genome, and favor largely the

same set of alleles as natural selection, accelerating adaptation in

many traits that are seemingly unconnected to reproduction.

Several studies have found evidence consistent with this

hypothesis (reviewed in Whitlock and Agrawal 2009; Holman

and Kokko 2013). For example, a mutant allele causing alco-

hol sensitivity was purged more rapidly in Drosophila popula-

tions in which sexual selection was allowed rather than prevented

(Hollis et al. 2009); Callosobruchus beetle populations adapted

more rapidly to a novel foodstuff when sexual selection was per-

mitted (Fricke and Arnqvist 2007); and sexual selection appeared

to augment natural selection on several Drosophila mutations

(Whitlock and Bourguet 2000; Sharp and Agrawal 2008). How-

ever, the evidence is not unanimous. Sexual selection did not

elevate the rate at which deleterious mutations were purged in

another study of Drosophila (Arbuthnott and Rundle 2012), did

not help insect populations respond to selection on thermal tol-

erance (Holland 2002), diet (Rundle et al. 2006), or age-specific

reproduction (Maklakov et al. 2009), and did not confer a mat-

ing advantage to locally adapted males (Arbuthnott and Rundle

2014). Sexual selection even appeared to hinder adaptation to abi-

otic factors in studies of yeast (Reding et al. 2013) and Drosophila

(Arbuthnott and Rundle 2012; Chenoweth et al. 2015). Addition-

ally, meta-analyses have yielded mixed conclusions regarding the

correlation between paternal success in sexual selection and off-

spring fitness (Jennions et al. 2012).

The lack of a consistent relationship between sexual selec-

tion and the rate of adaptation likely stems from the manifold,

conflicting consequences of sexual selection for alleles, individ-

uals, and populations. Sexual and natural selection might often
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favor different alleles, such that selection on sexual and nonsex-

ual components of fitness would pull the phenotype in conflicting

directions. Additionally, when males tend to preferentially direct

harmful courtship behaviors toward well-adapted females (Long

et al. 2009; Arbuthnott and Rundle 2012; Chenoweth et al. 2015),

male harassment (a putative adaptation to sexual selection) will

counteract adaptation by reducing or removing the fitness advan-

tage that would otherwise accrue to these females (see e.g., Hollis

and Houle 2011). Such negative consequences of sexual selec-

tion cooccur with the putative positive consequences, and their

relative strengths are thought to vary between and even within

species (e.g., Long et al. 2012; Holman and Kokko 2013; Berger

et al. 2014), muddying general predictions about the net effect of

sexual selection on adaptation.

Sexual selection could theoretically accelerate or retard the

evolution of pesticide resistance, a trait with important conse-

quences for agriculture and health (Laxminarayan 2003). This

possibility seems understudied; to our knowledge, all theoretical

models of the evolution of pesticide resistance do not incorporate

sexual selection on pesticide resistance (e.g., Glass et al. 1986;

Lenormand and Raymond 1998; Koella et al. 2009; Read et al.

2009). These models consider the effects of pesticide resistance

on “naturally-selected” components of fitness only, such as the

elevated survival of resistant individuals encountering pesticide,

and the pleiotropic costs of resistance to growth, viability, or

fecundity (Kliot and Ghanim 2012). However, there is empiri-

cal evidence that pesticide-resistant male mosquitoes might be

disadvantaged in sexual selection relative to susceptible males

(Berticat et al. 2002), and that (contrary to expectations) resistant

male Tribolium beetles have higher mating and fertilization suc-

cess than susceptible males (Arnaud and Haubruge 2002; Arnaud

et al. 2005). These findings imply that competition for mates or

their gametes could affect the rate at which populations evolve

increased or decreased pesticide resistance.

Here, we experimentally tested whether sexual selection af-

fects the rate at which populations evolve increased or decreased

pesticide resistance. We used the flour beetle Tribolium castaneum

as a model. This insect is a pest of stored grains with a polygamous

“scramble competition” mating system: males continually court

and pursue females, both sexes mate multiple times, facilitating

both pre- and postcopulatory sexual selection (e.g., Michalczyk

et al. 2011; Demont et al. 2013). In a 2 × 2 experimental design,

we allowed populations of T. castaneum to evolve in the presence

or absence of pyrethroid pesticide, with sexual selection either

allowed or experimentally removed.

Assuming that sexual and natural selections are concor-

dant, for example, because pesticide application confers both

a survival and a mating advantage to resistant males relative

to susceptible ones, we predict that pesticide-exposed popula-

tions will evolve pesticide resistance more quickly when sex-

ual selection is allowed rather than prevented. We also pre-

dict that pesticide-free populations will re-evolve susceptibility

more quickly when sexual selection is allowed, assuming that

resistance carries sexually selected costs. Conversely, we could

find that sexual selection retards the evolution of pesticide resis-

tance, which might suggest novel ways of limiting adaptation to

pesticides.

Methods
PESTICIDE RESISTANCE ASSAY

We diluted technical-grade Deltamethrin TC insecticide (Bayer

CropScience, Hawthorn, Australia) in solvent (3:1:1 turpen-

tine/acetone/mineral oil) at 10 g/l (Collins 1998). We applied

0.5 ml of solution evenly to 60 mm filter paper discs suspended

on pins, then allowed the volatile solvent to evaporate for less than

one hour, giving a dose of 0.026 mg/cm2. Beetles were then con-

fined to the pesticide-treated paper using a 50 mm glass cylinder

with a metal mesh lid for 24 hours. We then recorded the propor-

tion of beetles that were not “knocked down,” that is, immobile

or displaying abnormally slow or uncoordinated movement, and

used this as a measure of resistance (counts were performed blind

to the identity of the beetles). For each experimental unit, we set

up three replicate filter papers each with 40 beetles (occasionally

<40 if a line was not sufficiently productive). The repeatability of

knockdown rate across the three replicate filter papers was high

(intraclass correlation coefficient = 0.99), so we pooled the data

from each replicate in subsequent analyses.

ESTABLISHING AND PROPAGATING

THE EXPERIMENTAL EVOLUTION LINES

We obtained two cultures of T. castaneum from the Posthar-

vest Grain Protection Unit at Agri-Science Queensland. One cul-

ture (QTC4; hereafter termed “S” for susceptible) has been in

laboratory culture for many years, and is highly susceptible to

pyrethroid pesticides (Collins 1998). The S culture was main-

tained in pesticide-free medium (i.e., 10 g yeast per 100 g sieved

organic wholemeal flour). The resistant “R” culture (QTC279)

had been kept for >16 years in medium containing 0.1 g “Pro-

long” brand cyfluthrin pesticide per 100 g of flour-yeast mix, and

has a high level of resistance to pyrethroid pesticides. A mutation

at a locus in linkage group 9 is thought to be responsible for al-

most all of the resistance in the QTC279 stock (Stuart et al. 1998),

and the stock’s resistance apparently derives from overexpression

of a cytochrome P450 enzyme in the brain (Zhu et al. 2010).

Throughout, we ensured beetles were virgin by sieving the

cultures to collect pupae, sexing the pupae by their external mor-

phology, and placing them in single-sex Petri dishes. We collected

100 male and 100 female seven- to 10-day-old virgins from the S

and R cultures, set them up in Petri dishes in 200 monogamous
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pairs (each containing one R and one S individual), and then col-

lected and sexed the F1 pupae. We refer to the F1 as Generation

0 of the selection experiment, and we expect the majority of the

F1 to be heterozygous at loci affecting pyrethroid resistance. We

assayed the pesticide resistance of a random subset of the F1 as

described above.

We established the experimental evolution lines using ran-

domly chosen F1 individuals. Individual lines were subjected to

one of four different treatments, which we denote as SS+P+,

SS+P−, SS−P+, and SS−P−, in reference to the presence or

absence (+/−) of sexual selection (SS) and pesticide (P). There

were four replicate lines per treatment, for a total of 16 lines. In

the SS− treatments, we placed a single male and a single female

together in a 50 mm Petri dish containing about 6 g flour/yeast

mixture. The SS+ treatment was identical except that dishes con-

tained one female and five males, providing the opportunity for

male–male competition for mating and fertilization, as well as

pre- and postcopulatory female choice. Readers should note that

our experiment has potential confounding effects (as do all past

experimental evolution studies that have removed sexual selec-

tion): we have manipulated the number and sex ratio of beetles

per dish, in addition to manipulating the presence of sexual selec-

tion. The P− treatments contained standard flour-yeast mixture,

whereas the P+ treatments contained 0.1 g cyfluthrin per 100 g

of flour-yeast mixture. We systematically rotated the position of

the trays holding the dishes of beetles around the climate room

every two to four days, preventing differences in microclimate

from confounding the experiment.

To reduce the difference in effective population size between

the SS+ and SS− treatments due to their unequal family sizes,

we set up 30 SS− families per line per generation, and 18 SS+
families. With these family numbers, the effective population size

(Ne) will be 60 in both the treatments in the unlikely event that

all five males in the SS+ shared paternity exactly equally (see

Equation 8 in Balloux and Lehmann 2003). Otherwise, the SS+
treatment will have 36 < Ne < 60, depending on the extent of

paternity skew. Our manipulation of sexual selection is identical

to that of Demont et al. (2013), except that Ne is 50% larger across

the board in our study.

After adding Generation 0 beetles to the Petri dishes, we

allowed two weeks for mating and oviposition. We then removed

all beetles from the dishes and waited a further two weeks for

their offspring to develop into pupae. On days 28–30 after adding

the beetles, we sieved all the dishes to collect pupae. We then

mixed the pupae from all dishes from the same selection line,

giving one pool of pupae for each of the 16 lines. This mixing

procedure ensures that the most productive families contributed

more offspring to the next generation, allowing natural selection

to take place (as well as sexual selection on males, in the SS+
lines). The pupae were then separated into single-sex groups and

allowed to enclose, giving virgin males and females. At seven-

to 10 days posteclosion, a random subset of these virgins was

randomly divided into families (i.e., one male and one female in

SS− lines, and five males and one female in SS+ lines) and used

to establish the next generation. The remaining progeny were used

to assay pesticide resistance, as described above. By repeating this

procedure we applied five generations of selection, and assayed

pesticide resistance every generation.

COMMON GARDEN EXPERIMENT

After five generations of selection, we collected progeny from all

lines and raised them in a “common garden,” that is, an identical

rearing environment designed to verify that phenotypic differ-

ences between selection lines were due to changes in allele fre-

quencies and not to nongenetic differences between lines. For all

lines, we placed 30 male–female pairs (randomly collected from

the progeny of Generation 5) in individual Petri dishes containing

6 g pesticide-free flour/yeast mixture for two weeks, and then

collected their offspring. A random subset of the offspring was

used to assay pesticide resistance.

STATISTICAL ANALYSIS

The response variable (resistance to knockdown) was binary, so

we analyzed the data using binomial generalized linear mixed

models (GLMMs; fit using the lme4 package for R). We accounted

for repeated measurements on beetles from the same selection line

by fitting “Line” as a random effect. For the multigenerational data

in Table 1, we additionally fit a Generation × Line random slope,

allowing the Line effect to vary across generations. The type III

analysis of deviance tables in Tables 1 and 2 were calculated using

the analysis of variance function in the car package for R. R code

to reproduce all our analyses is archived at Dryad.

Results
Resistance to pythrethroid pesticide strongly increased in the

pesticide-treated “P+” lines, and strongly decreased in the un-

treated “P−” lines. In a binomial GLMM of the pesticide-

resistance data from generations 1–5, there was a significant

three-way interaction between sexual selection treatment (SS+
or SS−), pesticide treatment, and generation (Fig. 1; Table 1).

This interaction indicated that the effect of sexual selection on the

rate of evolutionary change in resistance was more positive in the

P+ lines than in the P− lines. Figure S1 depicts the same data

as Figure 1, but shows the resistance levels of the 16 individual

lines.

For beetles reared in a pesticide-free common garden after

five generations of selection, there was again a significant in-

teraction between the sexual selection and pesticide treatments

(Fig. 1; Table 2). This result suggests that the trends seen in
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Table 1. Analysis of deviance table of type III Wald χ2-tests for a

binomial GLMM testing the effects of sexual selection treatment,

pesticide treatment and generation on pesticide resistance in gen-

erations 1–5 of the 16 selection lines.

χ2 df P

Intercept 140.9 1 <0.0001
Pesticide 208.4 1 <0.0001
Sexual selection 0.90 1 0.34
Generation 0.49 1 0.48
Pesticide × sexual

selection
0.01 1 0.91

Pesticide × generation 21.2 1 <0.0001
Sexual selection ×

generation
6.5 1 0.011

Pesticide × sexual
selection × generation

4.0 1 0.045

Selection line and the line × generation interaction were included as ran-

dom factors. The sample size was typically 120 beetles assayed per line per

generation, although smaller numbers were used if the selection lines were

unproductive; in total, 9281 beetles were assayed. The model presented

here is the top model, as ranked by AICc, in a model set containing all

possible simpler models (�AICc = 1.63).

generations 0–5 resulted from changes in allele frequencies rather

than nongenetic differences between lines. The significant inter-

action between the P and SS treatments (Table 2; P = 0.008)

shows that sexual selection augmented the evolution of resis-

tance, susceptibility, or both. We then ran two posthoc analyses

to examine the effect of the SS treatment in the P− and P+ lines

separately. In the P− lines, the SS+ treatment was more suscep-

Table 2. Analysis of deviance table of type III Wald χ2-tests for

a binomial GLMM testing the effects of sexual selection, pesticide

treatment, and their interaction on pesticide resistance in the off-

spring of beetles reared in a common garden (n = 120 beetles

assayed per selection line; line was included as a random factor).

χ2 df P

Intercept 81.3 1 <0.0001
Pesticide 135.6 1 <0.0001
Sexual selection 6.7 1 0.0096
Pesticide × sexual selection 7.0 1 0.0084

This model is the top model, as ranked by AICc, in a model set containing

all possible simpler models (�AICc = 2.27).

tible than the SS− treatment, but not significantly so (GLMM:

z = 1.81, n = 8 lines, P = 0.070). In the P+ lines, the SS+
treatment was more resistant than the SS− treatment, but this

difference was not significant (GLMM: z = 1.65, n = 8 lines,

P = 0.10). Together with Table 2, these results suggest that sex-

ual selection augmented the evolution of both susceptibility and

resistance, depending on which was favored by selection (which

in turn depended on whether pesticide was absent or present,

respectively).

Discussion
The results were consistent with our prediction that sexual

selection can expedite the evolution of resistance when pesticide

is present, and accelerate the evolution of susceptibility when

Figure 1. Level of pesticide resistance in generations 0–5 of the selection experiment, and in the common garden. The points show the

mean ± one standard error of the four lines in each treatment.
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pesticide is absent. Note that our experiment has potentially

underestimated the positive effect of sexual selection on the

rate of adaptation, because the SS+ lines had a lower effective

population size than the SS− lines (see Methods).

The present findings have implications for strategies aimed

at limiting the evolution of pesticide resistance. Theoretical work

has illustrated that gene flow into pesticide-treated areas can limit

the evolution of resistance, because the immigration of susceptible

individuals counteracts local adaptation to pesticide (Lenormand

and Raymond 1998). These models illustrate that it might be

possible to slow the evolution of resistance by ensuring that the

pesticide-treated area is as small as possible, since this should in-

crease the number of susceptible immigrants relative to resistant

residents, and thus potentially increase introgression of suscepti-

ble alleles. Another implication of the models is that one could

slow resistance evolution by releasing susceptible individuals into

treated areas (particularly males, given that adult males are harm-

less in many insect pests; Lenormand and Raymond 1998). Our

results suggest that such strategies might not work as well as

hoped. Residual pesticide in the treated area might reduce the

mating success of susceptible immigrants or released males, pre-

venting introgression. There is also evidence that resistance genes

pleiotropically increase male reproductive success in at least one

pest species (present study; Haubruge and Arnaud 2001; Arnaud

et al. 2002), which would similarly hamper the reintroduction of

susceptible alleles. Additionally, programs to release susceptible

males might fail if these males were laboratory-adapted and had

low mating success in the wild. In general, efforts to design or

release organisms carrying human-beneficial genes should con-

sider these organisms’ success in sexual selection in addition to

their survival and fecundity.

Future work could further investigate the effect of sexual

selection on the spread of resistance alleles, and in their rate of

loss from untreated populations. There is room for more empir-

ical work, as the effects of resistance on sexual components of

fitness are understudied relative to nonsexual components (Kliot

and Ghanim 2012). One could also seek to unify models of sexual

selection and adaptation (e.g., Agrawal 2001; Siller 2001) with re-

sistance evolution models (Lenormand and Raymond 1998; Read

et al. 2009; Koella et al. 2009), which could point to new ways

to manage the evolution of resistance, or highlight organisms in

which sexual selection is likely to have a prominent effect on

resistance evolution.

ACKNOWLEDGMENTS
We thank Patrick Collins and colleagues (Postharvest Grain Protection
Unit, Queensland) for generously providing beetle stocks and culturing
advice, and Bayer CropScience for providing Deltamethrin. This work
was supported by a DECRA fellowship from the Australian Research
Council to LH (No. DE140101481).

DATA ARCHIVING
The raw data and R code to reproduce our statistical analyses are included
as supplementary files.

LITERATURE CITED
Agrawal, A. F. 2001. Sexual selection and the maintenance of sexual repro-

duction. Nature 411:692–695.
Arbuthnott, D., and H. D. Rundle. 2014. Misalignment of natural and sexual

selection among divergently adapted Drosophila melanogaster popula-
tions. Anim. Behav. 87:45–51.

———. 2012. Sexual selection is ineffectual or inhibits the purging of
deleterious mutations in Drosophila melanogaster. Evolution 66:2127–
2136.

Arnaud, L., and E. Haubruge. 2002. Insecticide resistance enhances male
reproductive success in a beetle. Evolution 56:2435–2444.

Arnaud, L., E. Haubruge, and M. J. G. Gage. 2005. The malathion-specific
resistance gene confers a sperm competition advantage in Tribolium
castaneum. Funct. Ecol. 19:1032–1039.

Arnaud, L., Y. Brostaux, L. K. Assié, C. Gaspar, and E. Haubruge. 2002.
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