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A genotypic trade-off between constitutive
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Genotypic trade-offs are fundamental to the understanding of the evolution of life-history traits. In particular, the evolution of
optimal host defense and the maintenance of variation in defense against infectious disease is thought to be underpinned by
such evolutionary trade-offs. However, empirical demonstrations of these trade-offs that satisfy the strict assumptions made by
theoretical models are rare. Additionally, none of these trade-offs have yet been shown to be robustly replicable using a variety of
different experimental approaches to rule out confounding issues with particular experimental designs. Here, we use inbred isolines
as a novel experimental approach to test whether a trade-off between viral resistance and growth rate in Plodia interpunctella,
previously demonstrated by multiple selection experiments, is robust and meets the strict criteria required to underpin theoretical
work in this field. Critically, we demonstrate that this trade-off is both genetic and constitutive. This finding helps support the
large body of theory that relies on these assumptions, and makes this trade-off for resistance unique in being replicated through
multiple experimental approaches and definitively shown to be genetic and constitutive.
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The understanding of trade-offs remains central to evolutionary
ecology (Shoval et al. 2012; Acerenza 2016). They are fundamental to understanding life histories in general (Roff and
Fairbairn 2007), and more specifically in the context of the
evolution of infectious disease, trade-offs are generally assumed
to determine both the evolution of pathogen virulence (May and
Anderson 1983; Alizon et al. 2009; Alizon and Michalakis 2015),
and host resistance to pathogens (Gillespie 1975; Sheldon and
Verhulst 1996; Gemmill and Read 1998; Boots and Haraguchi
1999). In particular, the idea that defense against infectious
disease is costly underpins a large theoretical and empirical
literature examining the determinants of optimal defense (Boots
and Bowers 1999; Boots and Haraguchi 1999; Gandon et al.
2002, 2008; Miller et al. 2007; Best et al. 2011; Best and Hoyle
2013; Gandon and Vale 2013) . Overall, the costs of resistance
to pathogens are a well-studied phenomenon (Antonovics and
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Thrall 1994; Brown 2002; Graham et al. 2005; Best et al. 2008;
Schwenke et al. 2016). However, there is ambiguity in the nature
of many trade-offs demonstrated empirically and those modeled
by theoreticians; specifically, whether trade-offs are facultative
or constitutive, and genetic or plastic (Reznick 1985; Roff and
Fairbairn 2007; Cressler et al. 2015). Facultative costs are costs
paid only when confronted with a pathogen, whereas constitutive
costs are paid regardless of whether a pathogen is encountered.
Genetic costs are directly inherited, and associated phenotype
prevalences change only by evolution. Plastic phenotypes (such
as those determined by epigenetics or maternal signaling) can
vary in their prevalence without evolutionary changes in the
population.
Costs of resistance are often measured when there is exposure
to the pathogen (Dallas et al. 2016)–however, such measures represent activated facultative costs only, and cannot inform us about
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the costs paid by organisms that never encounter a pathogen. Such
facultative costs of immune activation are now well demonstrated
(Nordling et al. 1998; Moret and Schmid-Hempel 2000; Armitage
et al. 2003; Bonneaud et al. 2003; Sadd and Siva-Jothy 2006);
however, evolutionary costs of immunological maintenance in
the absence of disease (constitutive costs), due to negative genetic
correlations between immunocompetence and fitness, are typically assumed in the evolution of defense literature (e.g., Boots
and Bowers 1999; Boots and Haraguchi 1999; Gandon et al. 2002,
2008; Miller et al. 2007; Best et al. 2011; Best and Hoyle 2013;
Gandon and Vale 2013). The absence of empirical demonstrations of genetic, constitutive trade-offs is a recognized problem
(McKean et al. 2008; Cressler et al. 2015) as these are the costs
to resistance that are modeled by theoreticians; empirical studies
are rarely designed to show a trade-off in such a way as to conclusively meet these strict criteria. Demonstrating trade-offs that
meet the criteria of being both constitutive and genetic is therefore a critical goal of bridging empirical and theoretical work on
the evolution of host resistance to pathogens. These costs are important because they not only define optimal resistance but also
because they are essential in explaining the wide-spread variation apparent in the susceptibilities of hosts to pathogens (Bowers
et al. 1994; Henter and Via 1995; Schmid-Hempel 2003; Duffy
and Forde 2009). Without clear evidence of whether a trade-off
is definitively genetic or plastic, and constitutive or facultative, it
remains unsuitable for incorporation into theoretical models. Although one part of this solution is further work to build theoretical
models on facultative and plastic costs, and to explore how these
complementary routes to resistance interact, it is also critical to
validate the current body of theory by showing trade-offs that are
definitively genetic and constitutive. Although in reality many
different routes to resistance do all interact, theory tackling subsets of these route should be empirically integrated before being
further developed.
Demonstrations of resistance costs in wild populations
(Duffy et al. 2012; Auld et al. 2013; Susi and Laine 2015) and
through selection experiments (Fuxa and Richter 1989; Boots
and Begon 1993; Kraaijeveld and Godfray 1997; Luong and
Polak 2007; Duncan et al. 2011) have provided evidence of constitutive costs of resistance in the absence of infection. However,
these studies do not necessarily rule out the well-documented
phenomena of transgenerational immune-priming or epigenetic
(plastic) effects (Roth et al. 2009; Tidbury et al. 2011, 2012;
Best et al. 2013) as such populations are not historically naı̈ve
to their pathogens. Studies have shown that resistance rapidly
disappears in the absence of the pathogen (Fuxa and Richter
1989; Duncan et al. 2011), suggesting some cost to maintaining resistance, even if it is a phenotypically plastic or epigenetic effect. Examining these apparent trade-offs with a plurality
of experimental approaches will help to rule out some of the
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potential confounds of specific experimental designs and clarify whether trade-offs are indeed demonstrably constitutive and
genetic.
Here we take a new approach to examine a previously
documented, highly cited evolutionary trade-off in the moth
Plodia interpunctella (Hübner). A resistance cost in this system
was first demonstrated by Boots and Begon (1993), and a further
selection experiment confirmed this trade-off in a fully replicated
experimental design (Boots 2011), making it one of the few
evolutionary trade-offs confirmed by multiple independent selection experiments. However, such selection experiments cannot
rule out intergenerational effects. Here we used inbred isolines
rather than selection experiments to gain novel insights into this
evolutionary trade-off and prove it meets the criteria detailed
in McKean et al. (2008) and Cressler, Graham, and Day (2015)
of being both genetic and constitutive. Genetically restricted
lines have shown great value in their application to evolutionary
biology in model species such as Drosophila melanogaster
(David et al. 2005), and have been successfully used elsewhere
to demonstrate variation in insect-virus systems, for example, in
vector competence (Jacobson and Kennedy 2013). Inbred isolines
were established in this system to evolve to different genotypes
via genetic drift during inbreeding, reflecting variation in the
initial outbred stock population. When these genetically restricted
isolines are assayed, this variation between isolines recovers
the previously documented costs associated with resistance to a
pathogen. This is despite all isoline populations being historically
naı̈ve to the pathogen (all evolution occurs in the absence of infection), providing the strongest evidence yet that the evolutionary
trade-off is based on genetic, constitutive costs of resistance.

Materials and Methods
The host organism used was the pyralid moth P. interpunctella, the
larvae of which are a common grain-feeding pest of cereals worldwide (Mohandass et al. 2007). It has been used as a study species
for a variety of biological experiments due to its ease of population maintenance and its importance as a food pest (Silhacek and
Miller 1972; Mohandass et al. 2007). It exhibits a simple life history, divided into larval and adult stages. Eggs are laid into cereal
media by adults in a semelparous event, larvae then develop in the
food media until pupation, and following pupation adult moths
emerge, mate, and a new generation of eggs are laid into the cereal
medium (Gage 1995). Adults do not have functioning feeding
physiology, and their reproductive success is broadly determined
by their rate of development and pupal mass (Silhacek and Miller
1972; Boots and Begon 1993). Plodia larvae are susceptible to infection by the baculovirus Plodia interpunctella granulosis virus
(PiGV; Sait et al. 1994). PiGV infections are obligately lethal, and
infection occurs via oral consumption of viral occlusion bodies.
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PiGV has strong effects on Plodia population dynamics (Sait et al.
1994), and Plodia may evolve resistance to the virus at the cost of
increased development time (Boots and Begon 1993, 1994; Boots
2011). Intrahemocoelic antiviral activity has been demonstrated
(Saejeng et al. 2011), although this resistance is not connected to
the often-studied phenoloxidase pathway (Saejeng et al. 2010).
Resistance is thought to occur mostly at the gut wall, through
mechanical barriers such as the peritrophic membrane and
apoptosis of infected gut wall cells (Begon et al. 1993; Tidbury
2012).
Plodia were raised following well-established protocols. All
lines originated from an outbred laboratory stock population of
Plodia. Male-female pairs were selected at their fifth larval instar,
when males can be differentiated from females by the conspicuous gonads, visible as a dark spot on the back of the larva. To
establish genetically isolated lines, single male-female pairs were
then placed in 250-mL straight-side wide-mouth Nalgene jars
(ThermoFisher Scientific, UK) with 20 g of food media. Food
media was prepared in batches consisting of 250 g “Ready Brek”
(Weetabix Ltd., UK), 150 g wheat bran (Bob’s Red Mill), 100 g
rice flour (Bob’s Red Mill), 100 g brewer’s yeast (MP Biomedicals), 125 mL glycerol (VWR), 125 mL clear organic honey
(Dutch Gold Honey Inc.), 2.2 g methyl paraben (VWR), and 2.2 g
sorbic acid (Spectrum Chemicals). Food media batches were homogenized with industrial mixers before being sealed and frozen
for a minimum of 24 h prior to thawing at ambient temperature
for use as growth media.
Plodia pairs were incubated at constant conditions of
27 ± 2o C and 35 ± 5% humidity, with 16:8 hr light:dark cycles. After four weeks, Plodia pairs had typically undergone a
full generation cycle, where the founding pair had successfully
pupated, eclosed, mated, laid eggs, and died, with progeny developing to their fifth instar in the supplied food media. For each line
of full-sibling progeny, full-sibling male-female pairs were placed
as above in a new jar of food media. The subsequent generation
represented one generation of full-sibling inbreeding. For each
line, five replicates were set up each generation. This was done
as some pairs invariably produce no offspring due to a failure,
or mismatch in timing, of pupation, eclosure, or mating. In cases
were multiple replicates produced successful subsequent generations, one jar of full-sibling larvae was randomly selected to found
the next generation. This inbreeding regime was maintained for
30 generations to establish genetic isolines with very high levels
of homozygosity (Rumball et al. 1994). Of the initial 25 founding lines, 20 lines became extinct in the first eight generations of
inbreeding, likely due to five mating-jar replicates being an inadequate insurance against unsuccessful mating during this period
of intense inbreeding depression. The remaining five survived all
30 generations of inbreeding to establish the genetic isolines used
in this study.

The growth rate of each isoline was estimated using two measures: time to pupation (development time) and pupal mass. For
each isoline, 60 adult Plodia, known to have eclosed in the last
24 hr, were taken and placed on 200 g of food media in 1000 mL
straight-side wide-mouth Nalgene jars (ThermoFisher Scientific)
and incubated as above. After 11 days, 50 larvae on the first
day of their third instar were taken from each isoline population
and placed into individual compartments on 25-cell compartmentalized square Petri dishes (ThermoFisher Scientific) (two Petri
dishes per isoline). Each compartment contained ample food media. First-day third-instar larvae were identified by examining the
size of their head (which changes only during molting and identifies different instars) compared to the size of their body (which
if smaller in diameter than the head signifies their first day at that
instar). Petri dishes were then incubated as above and checked
daily to monitor larval development. All growth rate assays were
set up simultaneously on the same day and incubated on the same
shelf of the same incubator. The date of each larva’s pupation was
recorded, and two days later the pupa was extracted from its silk
cocoon and weighed using a 1-µg precision microbalance. Not
all larvae were recovered, as some inevitably die due to handling
or other causes of stochastic mortality (n = 18 larvae recovered
per line, Supporting Information 2).
The susceptibility to pathogens of each isoline was characterized by comparing infection rates of larvae to PiGV. For each
isoline, 300 first-day third-instar larvae were selected as described
above. Larval cohorts of 50 larvae were placed in circular Petri
dishes (six cohorts per isoline) and starved for 1 hr. Droplets of
virus solution were then pipetted into these Petri dishes, with each
cohort given one of six solutions. Virus solutions represented six
doses: a control dose (no virus) and five doses of virus solution
each diluted by an order of magnitude (such that the strongest
dose is 104 times stronger than the weakest). Solutions were diluted with distilled water, and otherwise made up to contain 0.1%
Coomassie Brilliant Blue R-250 dye (ThermoFisher Scientific),
and 2% sucrose (ThermoFisher Scientific). Larvae voluntarily fed
on the solution droplets due to the sucrose content, and were considered dosed when 50% of their alimentary track was stained
blue (visible due to the blue dye and translucent larval body) at
which point they were removed from the Petri dish. Twenty-five
suitably dosed larvae from each cohort were taken and placed
individually in 25-cell compartmentalized square Petri dishes and
incubated for 10 days as above. All susceptibility assays were
set-up simultaneously on the same day and incubated on the same
shelf of the same incubator. After 10 days, Petri dishes were frozen
to kill all remaining live larvae, before being opened for counting. Infected larvae are easily recognized by their bright white
cadavers, caused by the accumulation of viral occlusion bodies in the hemolymph. Uninfected larvae were easily identified as
healthy larval cadavers or as developing pupae. Not all larvae were
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Figure 1. Plots showing susceptibility data and best-model fit for each of the five isolines. Data are shown as the proportion of larvae
that succumb to infection across the six doses, with doses plotted in logit space. Data and model fits for each line are shown in single

panels and model fits are compared in the “Combined” panel. Differences between lines’ susceptibilities to the pathogen are clear from
the distance between the plotted lines, with line 3 the most susceptible and line 5 the least. No fitted lines cross when plotted on the
same axes, as would be expected when no significant interaction effect was apparent.

recovered to be categorized as either infected or uninfected, as
some inevitably die due to handling or other causes of stochastic
mortality (n = 18 larvae recovered per line per dose, Supporting
Information 1).
All statistical analyses were undertaken using R (version
3.3.2 “Sincere Pumpkin Patch”). Differences between isoline
growth rates were examined using ANOVAs, where tests were
undertaken comparing mean pupal mass, mean development time,
and mean growth rate (pupal mass/development time). Susceptibility was analyzed using generalized linear models (glms), with
a binomial error structure and logit link function, where the response variable was whether each recovered larva was infected
(1) versus uninfected (0) for each dose and line. Doses were analyzed after being transformed using a log10 ( x + 1) function.
We compared models using ANOVA (chi-squared) tests to eliminate model terms in the style of a backward stepwise model
simplification (Crawley 2012). The starting (most complicated)
model included the following explanatory terms: isoline, viral
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dose strength, and an interaction between the two (to test for heterogeneity in dose response). Significantly differing components
of growth rate and susceptibility across the isolines were then
tested for correlation against one another.

Results
Isolines differed in both their susceptibility to the pathogen
and their development patterns (Figs. 1, 2). Growth rate (pupal
mass/development time) significantly differed across the five isolines (F4,79 = 2.86, P = 0.029; Fig. 2A), however this was driven
principally by a significant difference in development time between lines (F4,79 = 2.86, P = 0.0054; Fig. 2C), with no detectable
significant difference in pupal mass (F4,79 = 2.86, P = 0.18;
Fig. 2B). As expected, higher dose strengths lead to higher
infection likelihoods (P < 0.001). There was no evidence for
heterogeneity in dose response between lines (Fig. 1) when modeled as an interaction effect between dose and line (P = 0.397),
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Figure 2.

Plots comparing growth rate, mean mass, and development time of each of the five isolines. Growth rate (A) is calculated for

each individual larva as the pupal mass (B) divided by the development time (C). Significant differences between isoline growth rates (A)
and development time (C) were apparent, however no significant difference between lines was found for mean mass (B). Line 3 is the
fastest growing, owing to its shorter development time, whereas line 5 appears to be the slowest growing.

however lines did differ in their susceptibility to infection overall
(P = 0.0057).
Given the lack of heterogeneity in dose response between
lines’ susceptibilities, each line’s susceptibility could be characterized using the line-effect values extracted from the binomial
glm. These extracted values were directly tested (without transformation back to identity space) for correlation against the five
lines’ demonstrably different mean development times using a
Pearson’s product moment correlation. The two isoline characteristics showed a significant correlation (r3 = –0.976, P = 0.004),
where a faster development time correlated with greater susceptibility to the pathogen (Fig. 3).

Discussion
Our results demonstrate a trade-off between development time
and resistance to a viral pathogen (Fig. 3). This is not the first
time such a trade-off has been shown in this system. Previous
experiments (Boots and Begon 1993; Boots 2011) have shown
that populations of Plodia can be selected to evolve increased
resistance to PiGV at the cost of longer developmental times.
We confirm the existence of this trade-off between resistance and
development time using an alternative method, without selection
for specific traits. For practical reasons it is often the case that
key findings in evolutionary ecology are never replicated. Given
the multiple methods now used to demonstrate this evolutionary trade-off in at least three separate experimental instances,
the cost of resistance in Plodia is arguably one of the most robust and well-evidenced evolutionary trade-offs in evolutionary
ecology.
This study’s use of inbred isolines provides novel insights
into this trade-off, with important ecological and evolutionary implications. Unlike in previous selection experiments, all sampling
in this study was carried out using host populations that were not
historically exposed to the pathogen. Evolution of each isoline to

3. Plot showing correlation between susceptibility
(y-axis) and development time (x-axis) for the five isolines. 95%
confidence intervals are plotted around the point estimates for

Figure

both susceptibility and development time. Susceptibility estimates
were extracted from the binomial glm used to analyze the infection data (Fig. 1). Development time (Fig. 2C) was directly measured as described in the manuscript. The correlation was found to
be significant using a Pearson’s product moment correlation test.
Line 3 is the most susceptible and has the shortest development
time; the least susceptible lines with the longest development
times are lines 1 and 5.

a genotype with either higher or lower resistances was achieved
through inbreeding and genetic drift, rather than selection for
particular traits, and all evolution occurred in absence of any
infection. Although previous experiments have taken steps to try
and rule out intergenerational effects by using larvae two generations removed from the selective pressure, it remained possible
that epigenetic effects were underpinning the apparent trade-off.
This study rules out such possible confounds, and confirms that
this widely cited evolutionary trade-off is genetic in its basis.
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Similarly, this study also demonstrates that longer development time is a constitutive cost of host resistance, rather than
facultative. Interestingly, resistance to Bacillus thuringiensis (Bt)
toxin has also been linked to longer development times in P. interpunctella (Oppert et al. 2000). Constitutive costs of resistance are
understood to be more difficult to detect empirically (Armitage
et al. 2003; Cressler et al. 2015), but have now been demonstrated
in multiple ways in this system. This experiment shows that the
cost of resistance (longer development time) manifests even in
larvae that are evolutionarily naı̈ve to, and have not been exposed
to, the pathogen. This differentiates the cost of resistance in this
system from cases where resistance costs manifest only after exposure to a pathogen (Dallas et al. 2016). The importance of
demonstrating that this evolutionary trade-off is underpinned by a
genetic, constitutive cost begins to help validate the rich body of
theory on the evolution of host resistance to pathogens. As an evolutionary force, genetic resistance to pathogens is critical in theories from the active evolutionary management of our agricultural
food supply (Brown 2002; Seifi et al. 2013), to the evolution of
sexual reproduction (Hamilton et al. 1990; Ashby and King 2015)
especially regarding the well-supported Red Queen hypothesis
(Morran et al. 2011), which relies specifically on genetically underpinned resistance. Ongoing research in this field reveals many
nuances concerning costs of resistance such as how they vary with
diverse environmental factors (Boots and Begon 1994; Lazzaro
and Little 2009; Boots 2011; Ferris and Best 2018), or how differences in types of resistance or immunity may have different evolutionary outcomes, interacting further with the consequences of infection (e.g., morbidity or sterility; Ferguson et al. 2001; Best et al.
2009; Donnelly et al. 2015). Still, the evolutionary importance of
these resistance costs may be even greater than previously thought,
as resistance to multiple pathogens may carry increasingly accelerating costs to the host (Koskella et al. 2011). Empirically validating model assumptions, as is done in this study, is therefore
critical to the advancement of this field of evolutionary research.
Methodologically, this study confirms that strict inbreeding
regimes are capable of yielding experimentally useful isolines in
Plodia. Beginning with randomly selected individuals of an outbred laboratory stock population, highly homozygous isolines can
be established with genotypes that differ in competitively relevant
traits. Indirectly, this also validates that “outbred” laboratory
stock populations of P. interpunctella do maintain appreciable
amounts of standing genetic variation. There is potential for this
technique to be used widely in this system, including to improve
on the results shown here. In particular, beyond the simple existence of evolutionary trade-offs between host resistance and other
competitive traits, the shape of such trade-offs is under important
scrutiny. This shape of resistance-cost trade-offs has crucial evolutionary relevance (Boots and Haraguchi 1999; de Mazancourt
and Dieckmann 2004; Bowers et al. 2005; Hoyle et al. 2008; Boots
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et al. 2009), with qualitatively different evolutionary outcomes
depending on trade-off shape. Inferences have been made about
the shape of the trade-off in this Plodia-PiGV system before,
implying a decreasing costs trade-off shape (Mealor and Boots
2005), where increasing investment in resistance yields increasingly higher gains per unit of investment, rather than a trade-off
shape where investment in resistance yields large benefits at low
resistance levels but much smaller increases in resistance when
resistance is already high. Despite the importance of these differences, direct characterization of resistance-cost trade-offs has yet
to be achieved in any comparable system. With a larger number of
inbred isolines examined, it may be possible to use this technique
to examine directly what the shape of the resistance-cost trade-off
is in this system. In this study, too few isolines survived the
inbreeding regime, and confidence intervals around susceptibility
and development time were too large, for such precise analysis of
the apparent trade-off. We speculate that with a greater capacity
for mating-jar replicates, more lines would have survived the
initial period of intense inbreeding depression, and that the loss
of most of these lines was principally stochastic due to overall
very low mating success during this stage of the experiment.
Plastic adjustment of development time has been demonstrated in Plodia (Gage 1995), a phenomenon that may play a part
in other aspects of host defense. By using highly homozygous
isoline genotypes in this study to examine a genetic, constitutive component of host resistance we eliminate the possibility
of plastic effects. But applications in understanding plasticity of
developmental and susceptibility traits is also equally possible,
where eliminating genetic “noise” in data (via the use of homozygous isolines) is a powerful study tool. Given the aforementioned
need to work toward understanding the interacting, complementary routes of resistance organisms exploit, use of such isolines
to study both genetic and plastic, and facultative and constitutive,
costs to resistance may prove useful for building future theoretical
syntheses. Additionally, such inbred isolines can be used as a standardized host background for studies seeking to better understand
pathogen evolution. This system has been used to demonstrate
selective pressures on the adaptation of PiGV before (Boots and
Mealor 2007); similar experiments may benefit from the use of
inbred host isolines when characterizing viral traits.
Our approach of using inbred lines has yielded clearly beneficial insights into this evolutionary trade-off, however the very high
rates of population loss during severe inbreeding (80% lost during
first eight generations, with no further losses after this initial stage)
is worth some consideration. Following the period of severe inbreeding depression, the purging of strongly deleterious recessive
alleles, the surviving inbred lines should be highly homozygous
with no lethal or sterility-inducing gene variants. The inbred lines
here therefore should represent populations with almost no recessive lethal or recessive sterile alleles. Additionally, these lines
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are more likely to be highly viable, high-fitness populations with
lower prevalences of mildly deleterious genetic material. As to
how this relates to nature is open to interpretation. Natural populations will likely contain far more recessive deleterious alleles
evading selection than the inbred lines here, although the effect of
this absence on our results is not clear. Outbred laboratory stocks
are by design exposed to very benign environments with minimal
selective pressure, which contrasts populations in nature. Laboratory stocks are therefore likely to accumulate far more deleterious
alleles than are present in wild populations, and thusly be of
lower fitness if reintroduced to a “natural” environment (Bryant
and Reed 1999). Inbreeding may help reverse this by favoring
highly viable, fit lines, which would better reflect natural populations under constant selection. Detailed discussion of the benefits and caveats of studying equivalent Drosophila melanogaster
isofemale (inbred) lines is given in David et al. (2005).
In summary, this study confirms the previously evidenced
trade-off between resistance to a virus and development time in
P. interpunctella, employing a method that avoids the confounds
of selection experiments and proves that this trade-off is genetic
and constitutive. Additionally, this study demonstrates that inbred
isolines of P. interpunctella can be established such that isoline
genotypes differ in their traits due to genetic drift during inbreeding. These isolines may be a powerful tool for this system in
further work examining the shape of the resistance-cost tradeoff, and may also prove useful in experiments examining viral
evolution in this system.
AUTHOR CONTRIBUTIONS
L.J.B. and M.B. initiated the idea for the study. All authors contributed to
designing methodology. L.J.B. executed the experiment, gathered data,
and performed analysis with substantial input from L.W. and M.B. L.J.B.
drafted the paper with significant contributions from all authors. All
authors critically revised the manuscript, and gave approval of the final
version for submission.

ACKNOWLEDGMENTS
L.J.B. acknowledges funding from a Natural Environment Research
Council training grant (NE/L002434/1). M.B. was funded by the BBSRC (BB/L010879/1) and the NERC (NE/J009784/1; NE/K014617/1).

DATA ARCHIVING
Dryad https://doi.org/10.5061/dryad.5g86200.

LITERATURE CITED
Acerenza, L. 2016. Constraints, trade-offs and the currency of fitness. J. Mol.
Evol. 82:117–127.
Alizon, S., A. Hurford, N. Mideo, and M. Van Baalen. 2009. Virulence evolution and the trade-off hypothesis: history, current state of affairs and
the future. J. Evol. Biol. 22:245–259.
Alizon, S., and Y. Michalakis. 2015. Adaptive virulence evolution: the good
old fitness-based approach. Trends Ecol. Evol. 30:248–254.

Antonovics, J., and P. H. Thrall. 1994. The cost of resistance and the maintenance of genetic polymorphism in host—pathogen systems. Proc. R.
Soc. Lond. B 257:105–110.
Armitage, S. A. O., J. J. W. Thompson, J. Rolff, and M. T. Siva-Jothy. 2003.
Examining costs of induced and constitutive immune investment in Tenebrio molitor. J. Evol. Biol. 16:1038–1044.
Ashby, B., and K. C. King. 2015. Diversity and the maintenance of sex by
parasites. J. Evol. Biol. 28:511–520.
Auld, S., R. M. Penczykowski, J. Housley Ochs, D. C. Grippi, S. R.
Hall, and M. A. Duffy. 2013. Variation in costs of parasite resistance among natural host populations. J. Evol. Biol. 26:2479–
2486.
Begon, M., K. B. H. Daud, P. Young, and R. E. Howells. 1993. The invasion
and replication of a granulosis virus in the Indian meal moth, Plodia interpunctella: an electron microscope study. J. Invertebr. Pathol.
61:281–295.
Best, A., and A. Hoyle. 2013. The evolution of costly acquired immune
memory. Ecol. Evol. 3:2223–2232.
Best, A., A. White, and M. Boots. 2008. Maintenance of host variation in
tolerance to pathogens and parasites. Proc. Natl. Acad. Sci. 105:20786–
20791.
Best, A., S. Webb, A. White, and M. Boots. 2011. Host resistance and coevolution in spatially structured populations. Proc. R. Soc. B Biol. Sci.
278:2216–2222.
Best, A., H. Tidbury, A. White, and M. Boots. 2013. The evolutionary dynamics of within-generation immune priming in invertebrate hosts. J. R.
Soc. Interface 10:20120887.
———. 2009. Resistance is futile but tolerance can explain why parasites do
not always castrate their hosts. Evolution 64:348–357.
Bonneaud, C., J. Mazuc, G. Gonzalez, C. Haussy, O. Chastel, B. Faivre, and
G. Sorci. 2003. Assessing the cost of mounting an immune response.
Am. Nat. 161:367–379.
Boots, M. 2011. The evolution of resistance to a parasite is determined by
resources. Am. Nat. 178:214–220.
Boots, M., and M. Begon. 1993. Trade-offs with resistance to a granulosis virus
in the Indian meal moth, examined by a laboratory evolution experiment.
Funct. Ecol. 7:528.
———. 1994. Resource limitation and the lethal and sublethal effects of a
viral pathogen in the Indian meal moth, Plodia interpunctella. Ecol.
Entomol. 19:319–326.
Boots, M., and R. G. Bowers. 1999. Three mechanisms of host resistance
to microparasites—avoidance, recovery and tolerance—show different
evolutionary dynamics. J. Theor. Biol. 201:13–23.
Boots, M., and Y. Haraguchi. 1999. The evolution of costly resistance in
host-parasite systems. Am. Nat. 153:359–370.
Boots, M., and M. Mealor. 2007. Local interactions select for lower pathogen
infectivity. Science 315:1284–1286.
Boots, M., A. Best, M. R. Miller, and A. White. 2009. The role of ecological
feedbacks in the evolution of host defence: what does theory tell us?
Philos. Trans. R. Soc. B Biol. Sci. 364:27–36.
Bowers, R. G., M. Boots, and M. Begon. 1994. Life-history trade-offs and
the evolution of pathogen resistance: competition between host strains.
Proc. R. Soc. Lond. B 257:247–253.
Bowers, R. G., A. Hoyle, A. White, and M. Boots. 2005. The geometric
theory of adaptive evolution: trade-off and invasion plots. J. Theor. Biol.
233:363–377.
Brown, J. K. M. 2002. Yield penalties of disease resistance in crops. Curr.
Opin. Plant Biol. 5:339–344.
Bryant, E. H., and D. H. Reed. 1999. Fitness decline under relaxed selection
in captive populations. Conserv. Biol. 13:665–669.
Crawley, M. J. 2012. The R book. John Wiley & Sons.

EVOLUTION 2018

7

L . J. BA R L E T T E T A L .

Cressler, C. E., A. L. Graham, and T. Day. 2015. Evolution of hosts
paying manifold costs of defence. Proc. R. Soc. Lond. B Biol. Sci.
282:20150065.
Dallas, T., M. Holtackers, and J. M. Drake. 2016. Costs of resistance and
infection by a generalist pathogen. Ecol. Evol. 6:1737–1744.
David, J. R., P. Gibert, H. Legout, G. Pétavy, P. Capy, and B. Moreteau. 2005.
Isofemale lines in Drosophila: an empirical approach to quantitative trait
analysis in natural populations. Heredity 94:3–12.
de Mazancourt, C., and U. Dieckmann. 2004. Trade-off geometries and
frequency-dependent selection. Am. Nat. 164:765–778.
Donnelly, R., A. White, and M. Boots. 2015. The epidemiological feedbacks
critical to the evolution of host immunity. J. Evol. Biol. 28:2042–2053.
Duffy, M. A., and S. E. Forde. 2009. Ecological feedbacks and the evolution
of resistance. J. Anim. Ecol. 78:1106–1112.
Duffy, M. A., J. H. Ochs, R. M. Penczykowski, D. J. Civitello, C. A. Klausmeier, and S. R. Hall. 2012. Ecological context influences epidemic size
and parasite-driven evolution. Science 335:1636–1638.
Duncan, A. B., S. Fellous, and O. Kaltz. 2011. Reverse evolution: selection against costly resistance in disease-free microcosm populations of
Paramecium caudatum. Evolution 65:3462–3474.
Ferguson, N. M., C. A. Donnelly, and R. M. Anderson. 2001. Transmission
intensity and impact of control policies on the foot and mouth epidemic
in Great Britain. Nat. Lond. 413:542–548.
Ferris, C., and A. Best. 2018. The evolution of host defence to parasitism in
fluctuating environments. J. Theor. Biol. 440:58–65.
Fuxa, J. R., and A. R. Richter. 1989. Reversion of resistance by Spodoptera
frugiperda to nuclear polyhedrosis virus. J. Invertebr. Pathol. 53:52–56.
Gage, M. J. 1995. Continuous variation in reproductive strategy as an adaptive
response to population density in the moth Plodia interpunctella. Proc.
R. Soc. Lond. B Biol. Sci. 261:25–30.
Gandon, S., and P. F. Vale. 2013. The evolution of resistance against good and
bad infections. J. Evol. Biol. 27:303–312.
Gandon, S., M. van Baalen, and V. A. A. Jansen. 2002. The evolution of parasite virulence, superinfection, and host resistance. Am. Nat. 159:658–
669.
Gandon, S., A. Buckling, E. Decaestecker, and T. Day. 2008. Host–parasite
coevolution and patterns of adaptation across time and space. J. Evol.
Biol. 21:1861–1866.
Gemmill, A. W., and A. F. Read. 1998. Counting the cost of disease resistance.
Trends Ecol. Evol. 13:8–9.
Gillespie, J. H. 1975. Natural selection for resistance to epidemics. Ecology
56:493–495.
Graham, A. L., J. E. Allen, and A. F. Read. 2005. Evolutionary causes and consequences of immunopathology. Annu. Rev. Ecol. Evol. Syst. 36:373–
397.
Hamilton, W. D., R. Axelrod, and R. Tanese. 1990. Sexual reproduction as an
adaptation to resist parasites (a review). Proc. Natl. Acad. Sci. 87:3566–
3573.
Henter, H. J., and S. Via. 1995. The potential for coevolution in a hostparasitoid system. I. Genetic variation within an aphid population in
susceptibility to a parasitic wasp. Evolution 49:427–438.
Hoyle, A., R. G. Bowers, A. White, and M. Boots. 2008. The influence of tradeoff shape on evolutionary behaviour in classical ecological scenarios. J.
Theor. Biol. 250:498–511.
Jacobson, A. L., and G. G. Kennedy. 2013. Specific insect-virus interactions
are responsible for variation in competency of different Thrips tabaci
isolines to transmit different tomato spotted wilt virus isolates. PLoS
One 8:e54567.
Koskella, B., D. M. Lin, A. Buckling, and J. N. Thompson. 2011. The costs
of evolving resistance in heterogeneous parasite environments. Proc. R.
Soc. Lond. B Biol. Sci. 279: 1896–1903.

8

EVOLUTION 2018

Kraaijeveld, A. R., and H. C. J. Godfray. 1997. Trade-off between parasitoid
resistance and larval competitive ability in Drosophila melanogaster.
Nature 389:278–280.
Lazzaro, B. P., and T. J. Little. 2009. Immunity in a variable world. Philos.
Trans. R. Soc. B Biol. Sci. 364:15–26.
Luong, L. T., and M. Polak. 2007. Costs of resistance in the Drosophila–
Macrocheles system: a negative genetic correlation between ectoparasite
resistance and reproduction. Evolution 61:1391–1402.
May, R. M., and R. M. Anderson. 1983. Epidemiology and genetics in the
coevolution of parasites and hosts. Proc. R. Soc. Lond. B Biol. Sci.
219:281–313.
McKean, K. A., C. P. Yourth, B. P. Lazzaro, and A. G. Clark. 2008. The evolutionary costs of immunological maintenance and deployment. BMC
Evol. Biol. 8:76.
Mealor, M. A., and M. Boots. 2005. An indirect approach to imply trade-off
shapes: population level patterns in resistance suggest a decreasingly
costly resistance mechanism in a model insect system. J. Evol. Biol.
19:326–330.
Miller, M. R., A. White, and M. Boots. 2007. Host life span and the evolution
of resistance characteristics. Evolution 61:2–14.
Mohandass, S., F. H. Arthur, K. Y. Zhu, and J. E. Throne. 2007. Biology and
management of Plodia interpunctella (Lepidoptera: Pyralidae) in stored
products. J. Stored Prod. Res. 43:302–311.
Moret, Y., and P. Schmid-Hempel. 2000. Survival for immunity: the price of
immune system activation for bumblebee workers. Science 290:1166–
1168.
Morran, L. T., O. G. Schmidt, I. A. Gelarden, R. C. Parrish, and C. M. Lively.
2011. Running with the Red Queen: host-parasite coevolution selects
for biparental sex. Science 333:216–218.
Nordling, D., M. Andersson, S. Zohari, and G. Lars. 1998. Reproductive effort
reduces specific immune response and parasite resistance. Proc. R. Soc.
Lond. B Biol. Sci. 265:1291–1298.
Oppert, B., R. Hammel, J. E. Throne, and K. J. Kramer. 2000. Fitness costs
of resistance to Bacillus thuringiensis in the Indian meal moth, Plodia
interpunctella. Entomol. Exp. Appl. 96:281–287.
Reznick, D. 1985. Costs of reproduction: an evaluation of the empirical evidence. Oikos 44:257–267.
Roff, D. A., and D. J. Fairbairn. 2007. The evolution of trade-offs: where are
we? J. Evol. Biol. 20:433–447.
Roth, O., B. M. Sadd, P. Schmid-Hempel, and J. Kurtz. 2009. Strain-specific
priming of resistance in the red flour beetle, Tribolium castaneum. Proc.
R. Soc. Lond. B Biol. Sci. 276:145–151.
Rumball, W., I. R. Franklin, R. Frankham, and B. L. Sheldon. 1994. Decline
in heterozygosity under full-sib and double first-cousin inbreeding in
Drosophila melanogaster. Genetics 136:1039–1049.
Sadd, B. M., and M. T. Siva-Jothy. 2006. Self-harm caused by an insect’s
innate immunity. Proc. R. Soc. Lond. B Biol. Sci. 273:2571–2574.
Saejeng, A., H. Tidbury, M. T. Siva-Jothy, and M. Boots. 2010. Examining
the relationship between hemolymph phenoloxidase and resistance to
a DNA virus, Plodia interpunctella granulosis virus (PiGV). J. Insect
Physiol. 56:1232–1236.
Saejeng, A., M. T. Siva-Jothy, and M. Boots. 2011. Low cost antiviral activity
of Plodia interpunctella haemolymph in vivo demonstrated by dose
dependent infection. J. Insect Physiol. 57:246–250.
Sait, S. M., M. Begon, and D. J. Thompson. 1994. Long-term population dynamics of the Indian meal moth Plodia interpunctella and its granulosis
virus. J. Anim. Ecol. 63:861.
Schmid-Hempel, P. 2003. Variation in immune defence as a question of evolutionary ecology. Proc. R. Soc. Lond. B Biol. Sci. 270:357–366.
Schwenke, R. A., B. P. Lazzaro, and M. F. Wolfner. 2016. Reproduction–
immunity trade-offs in insects. Annu. Rev. Entomol. 61:239–256.

G E N OT Y P I C C O N S T I T U T I V E C O S T S O F R E S I S TA N C E

Seifi, A., R. G. F. Visser, and Y. Bai. 2013. How to effectively deploy plant
resistances to pests and pathogens in crop breeding. Euphytica 190:321–
334.
Sheldon, B. C., and S. Verhulst. 1996. Ecological immunology: costly parasite
defences and trade-offs in evolutionary ecology. Trends Ecol. Evol.
11:317–321.
Shoval, O., H. Sheftel, G. Shinar, Y. Hart, O. Ramote, A. Mayo, E. Dekel, K.
Kavanagh, and U. Alon. 2012. Evolutionary trade-offs, Pareto optimality, and the geometry of phenotype space. Science 336:1157–1160.
Silhacek, D. L., and G. L. Miller. 1972. Growth and development of the Indian meal moth, Plodia interpunctella (Lepidoptera: Phycitidae), under
laboratory mass-rearing conditions. Ann. Entomol. Soc. Am. 65:1084–
1087.

Susi, H., and A.-L. Laine. 2015. The effectiveness and costs of pathogen
resistance strategies in a perennial plant. J. Ecol. 103:303–315.
Tidbury, H. 2012. The evolutionary ecology of antiviral resistance in insects.
University of Sheffield, Sheffield, U.K.
Tidbury, H. J., A. B. Pedersen, and M. Boots. 2011. Within and transgenerational immune priming in an insect to a DNA virus. Proc. R. Soc. Lond.
B Biol. Sci. 278:871–876.
Tidbury, H. J., A. Best, and M. Boots. 2012. The epidemiological consequences of immune priming. Proc. R. Soc. Lond. B Biol. Sci. 279:
4505–4512.

Associate Editor: K. King
Handling Editor: P. Tiffin

Supporting Information
Additional supporting information may be found online in the Supporting Information section at the end of the article.

EVOLUTION 2018

9

