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Abstract

Natural populations are highly complex and consist of genetically variable individuals
that belong to continuously varying age classes. Genotype and age interact to determine how
individuals respond to environmental stress, which ultimately determines the evolutionary
trajectories and persistence of populations in variable environments. For small ectothermic
species, seasonal and diurnal variation in temperature is an important source of environmental
stress that impacts activity patterns and suites of phenotypes directly related to whole organism
fitness. I used the genetic and ecological model Drosophila melanogaster to investigate the
influence of seasonal and diurnal thermal variability on survival and reproduction in genetically
diverse populations. First, I characterized changes in cold tolerance and phenotypic plasticity
within a natural population as it responded to seasonal shifts in developmental and short-term
acclimation and thermal selection. I found that seasonal variation in cold tolerance was
significantly influenced by developmental acclimation that occurred in the field as well as in the
lab, where flies that developed under warmer conditions had reduced cold tolerance relative to
flies that developed under cooler conditions. Second, I characterized the effect of variation in age
on stress response phenotypes in a genetically variable population. I measured genotype- and
age-specific responses to multiple environmental stressors, and identified regions of the genome
that were associated with age-specific stress tolerance. Genome-wide association mapping
revealed that age-specific phenotypes were influenced by distinct sets of polymorphisms and
genes, suggesting that the evolution of age-related decline in phenotypes is driven by mutation
accumulation within phenotypes, but both mutation accumulation and antagonistic pleiotropy
between phenotypes. Next, I characterized the costs and benefits of acclimation for survival and

reproduction to understand how physiological and behavioral plasticity interact to determine



fitness. I found that phenotypic plasticity and the capacity for acclimation significantly
influenced behavioral reproductive success, but the thermal cues that led to adaptive acclimation
response in survival also led to decreased reproductive success. However, genotypes with the
capacity to acclimate were more likely to survive thermal variation and more likely to reproduce,
suggesting that genetic capacity for phenotypic plasticity has important implications for whole
organism fitness. Finally, I measured the effect of acclimation on the induction of diapause and
ability to survive cold stress in the recently introduced invasive species Drosophila suzukii. D.
suzukii is endemic to Asia and was first detected in California in 2008 and in Topeka, KS in
2013. Its recent invasion history thus provides an interesting model to understand the role of
plasiticy in the response to a novel and variable environment. I found that diapause was induced
through a plastic response to acclimation and short photoperiod, though diapause was more
drastically induced by acclimation. Overall, my research provides critical insights into how
organisms respond to thermal variation by intergrating quantitative genetics, ecology, evolution,
and life history tradeoffs. Collectively, my research demonstrates that the ability of organisms to
survive thermal stress is a function of genetic capacity to tolerate stress, genetic capacity for

phenotypic plasticity, prior exposure to thermal variation, and the age of the individual.
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Introduction

Climate and thermal regime are important sources of environmental variation that
influence species distributions, behavior and activity levels, performance, and ultimately the
evolution and persistence of populations in changing environments (Andrewartha and Birch
1954; Cossins and Bowler 1987; Angilletta et al. 2002; Ayrinhac et al. 2004; Overgaard and
Serensen 2008; Angiletta 2009; Calosi et al. 2010; Dierks et al. 2012). Temperature is an
especially critical component of the environment for ectothermic species for which temperature
fluctuations have significant impacts on survival, reproduction, and behavior (Lee et al. 1987;
Huey and Kingsolver 1989; Kelty and Lee 1999, 2001; Shreve et al. 2004; Geister and Fischer
2007; Kelty 2007; Bouazza et al. 2016; Westerman and Monteiro 2016). The capacity to tolerate
thermal stress is highly variable among and within ectothermic species (Huey and Kingsolver
1989, 1993) and across age (Czajka and Lee 1990; Bowler and Terblanche 2008; Colinet et al.
2013, 2015), and it can be driven by shifts in basal tolerance, shifts in phenotypic plasticity, or a
combination of both (Hoffmann et al. 2002, 2003c; Hoffmann and Sgro 2011; Bergland et al.
2014b,a; Fallis et al. 2014; Seebacher et al. 2014; Gerken et al. 2015; Campbell-Staton et al.
2016). A growing body of evidence indicates that acclimation capacity and other forms of
phenotypic plasticity are particularly important for the persistence of ectothermic populations in
variable environments (Easterling et al. 2000; Kawecki 2000; Ayrinhac et al. 2004; Bale and
Hayward 2010; Fallis et al. 2014; Gerken et al. 2015). Therefore, examination of the influence of
genetic and age-related variation on acclimation capacity and basal levels of stress tolerance is
critically important both in the context of climate change projections (Easterling et al. 2000;
Kawecki 2000; Bale and Hayward 2010) and in a broader context of understanding multivariate

evolution and whole organism fitness in variable environments.



Climate change models predict increases in average temperature as well as increases in
the frequency of extreme weather events (Easterling et al. 2000; Jentsch et al. 2007), and it is
likely that these changes will influence the evolution of ectotherm populations. Acclimation
capacity is thought to be particularly important for persistence of ectothermic species under
climate change (Kawecki 2000; Bale and Hayward 2010; Serensen et al. 2016). There are three
primary forms of acclimation through which organisms can respond to thermal variation:
developmental acclimation, long-term acclimation or acclimatization, and short-term acclimation
or hardening (Wilson and Franklin 2002; Bowler 2005; Angiletta 2009; Colinet and Hoffmann
2012). Developmental and long-term acclimation are most relevant in the context of seasonal
variation in temperature, whereas short-term acclimation is most relevant in the context of
diurnal temperature variation which can vary in magnitude through the season (Lee et al. 1987;
Denlinger 1991; Moran 1992; Kelty and Lee 2001; Wilson and Franklin 2002; Bowler 2005;
Loeschcke and Serensen 2005; Teets and Denlinger 2013). These forms of acclimation have a
genetic basis, and thus should evolve in response to climatic selection pressure (Fallis et al.
2014; Gerken et al. 2015); however, limited empirical evidence is available to support this
hypothesis. This lack of evidence highlights a critical need to investigate how phenotypic
plasticity of populations varies in response to shifts in thermal selection regime.

Although the evolutionary dynamics of phenotypic plasticity via acclimation are
understudied, it has been well documented in a diverse group of species that various forms of
acclimation tend to increase survival of individuals following exposure to stressful temperatures
(Chen et al. 1987; Gilmour et al. 1988; Czajka and Lee 1990; Worland and Convey 2001; Wang
and Kang 2003; Sinclair and Chown 2006; Ju et al. 2011; Gerken et al. 2015). However, the

adaptive value of acclimation depends on the accuracy of the acclimation cue for the



environment experienced following acclimation (Moran 1992) and on the effects of the cue on
other aspects of fitness, such as reproductive success (Shreve et al. 2004; Geister and Fischer
2007; Westerman and Monteiro 2016). For example, developmental acclimation to cool
temperatures can lengthen development time and likely alter learning ability in various social
contexts (Westerman et al. 2012; Westerman and Monteiro 2016), and long- and short-term
acclimation can result in decreased mating success (Aspi and Hoikkala 1995; Hoikkala and
Isoherranen 1997; Shreve et al. 2004). While it is important to understand the immediate effects
of acclimation on multiple components of fitness, it is potentially more important to consider the
role of capacity for phenotypic plasticity that is afforded through variation among genotypes. In
particular, physiological and behavioral responses to thermal acclimation are likely genetically
intertwined in ectothermic species as physiological tolerance is often linked to performance
(Christian et al. 1983; Niehaus et al. 2012).

The ability of organisms to respond to thermal variation is clearly due in part to genetic
capacity, acclimation, and to variation in thermal selection regime as a result of seasonal and
diurnal temperature fluctuations. Furthermore, the effectiveness of natural selection for the
evolution of tolerance and plasticity is also influenced by age (Bowler and Terblanche 2008;
Colinet et al. 2013, 2015). As organisms age, natural selection becomes decreasingly effective,
ultimately leading to age-related decline in fitness (Fisher 1930; Haldane 1941; Medawar 1952;
Williams 1957; Hamilton 1966; Charlesworth and Hughes 1996; Charlesworth 2001). This
decline in fitness can be driven by genetic mechanisms such as mutation accumulation and
antagonistic pleiotropy, and through non-genetic mechanisms such as “wear and tear” on cellular
repair machinery (Medawar 1952; Williams 1957; Ricklefs and Finch 1995). Genetic control of

the decline has been consistently supported (Charlesworth and Hughes 1996; Tatar et al. 1996;



Curtsinger and Khazaeli 2002; Felix et al. 2012; Durham et al. 2014); however, limitations in
genetic tools prior to the construction of large mapping panels of model organisms has reduced
the ability of this previous research to fully understand and disseminate the genetic basis of age-
related change (Schnebel and Grossfield 1988; Partridge and Barton 1993; Zwaan 1999; Linnen
et al. 2001; Moorad and Promislow 2009). Reliance on changes in variance component analysis
across age and inability to compare genetic patterns across phenotypes as well as within
phenotypes with age has masked subtle genetic shifts in genetic architecture that are
characteristic and diagnostic of mutation accumulation and antagonistic pleiotropy. It is probable
that by taking full advantage of the genetic power of mapping panels and comparing patterns
within and between phenotypes across age, we will begin to more fully understand the role of
mutation accumulation, antagonistic pleiotropy, and natural selection in aging.
System and Objectives

Drosophila melanogaster is an excellent model for investigating the shifts in thermal
tolerance and plasticity that occur across seasons and through aging. D. melanogaster evolved in
equatorial Africa under tropical and seasonally constant thermal conditions (Begun and Aquadro
1993; Keller 2007; Duchen et al. 2013) and was subsequently introduced to more variable
temperate regions, in the process experiencing a combination of severe bottlenecks and strong
selection for wider thermal tolerances (Begun and Aquadro 1993; Lachaise and Silvain 2004;
Keller 2007). As a result, evidence of adaptation to novel thermal regimes can be seen across
clines (James et al. 1997; Hoffmann et al. 2002, 2003b) and in response to seasonal variation
(Bergland et al. 2014a). Extensive evidence of acclimation capacity exists for this species as
well, indicating that a combination of adaptation and phenotypic plasticity contributes to its

success and persistence in thermally variable environments (Everman et al. In Press; Lee et al.



1987; Kelty and Lee 1999; Kelty 2007; Rajamohan and Sinclair 2009; Fallis et al. 2014; Gerken
et al. 2015). A more recently introduced drosophilid, Drosophila suzukii, has also been shown to
respond through adaptation and phenotypic plasticity to novel climatic regimes (Dalton et al.
2011; Jakobs 2014; Jakobs et al. 2015; Rossi-Stacconi et al. 2016; Shearer et al. 2016). Because
of its recent introduction history, this species offers the opportunity to investigate the effects of
adaptation to novel thermal regimes as they are currently occurring.

D. melanogaster has also served as an important model for understanding the evolution
of aging (Rose and Charlesworth 1981; Hughes et al. 2002; Durham et al. 2014). Natural
temperate populations of D. melanogaster age through the season such that populations are
primarily composed of young individuals in the spring and summer and of older individuals in
the fall, likely as a result of winter dormancy as populations experience a drop in temperature
and reproductive activity during winter (Kimura 1988; Behrman et al. 2015). As a result,
demographic structure is likely to have an important influence on stress tolerance (Bowler and
Terblanche 2008; Colinet et al. 2015), though most research has focused on age-related decline
in life history phenotypes (Rose 1985; Rose et al. 1992; Tatar et al. 1996; Durham et al. 2014;
Curtsinger 2016). Because D. melanogaster is a well-developed genetic model, tools now exist
for both a more thorough analysis of the influence of age on fitness phenotypes and for
understanding the trajectory of the evolution of aging in combination with multivariate
evolution. In particular, the Drosophila Genetic Reference Panel (DGRP; Mackay et al. 2012;
Huang et al. 2014) and association mapping of age-specific phenotypes has enhanced our
understanding of how genetic mechanisms (mutation accumulation and antagonistic pleiotropy)

influence age-related decline in phenotypes.



D. melanogaster was first developed as an important genetic model organism in biology

by Thomas Hunt Morgan, and has since been used to gain insight into a wide diversity of topics

and processes (Fisher and De Beer 1947). I used D. melanogaster as a genetic and ecological

model to understand evolutionary dynamics and genetic architecture of stress responses and

phenotypic plasticity, addressing several critical questions in evolutionary biology, physiology,

and age-related research:

(1

)

3)

The evolution of phenotypic plasticity in variable environments is thought to be
critically important for the persistence of ectothermic populations under long-range
climate change predictions; however, it is not fully understood how phenotypic
plasticity varies in response to shorter-term thermal variation that is characteristic of
seasonality. Insight from investigating the influence of seasonality on the evolution
of phenotypic plasticity is therefore especially useful for understanding how
ectothermic organisms will respond to longer-term changes in thermal regime.
Although the benefits of phenotypic plasticity have been consistently documented for
ectothermic organisms, the influence of acclimation cues on other aspects of fitness
requires additional research to understand the role of genetic variation and capacity
for physiological and behavioral plasticity in response to environmental variation.
While it is important to take variation in natural selection that occurs across seasons
and years into account, it is also critical to consider variation in natural selection that
occurs through the lifespan of individuals and the influence this has on the ability of
organisms to survive and reproduce. It is likely that the age-related decline in fitness
is influenced by a combination of natural selection acting on correlated phenotypes

that have non-independent genetic architectures and phenotype-specific genetic



architectural shifts. Elucidation of these genetic architectural patterns across age will

inform how evolution of aging and multivariate evolution are tightly intertwined.
These unanswered questions were addressed in four empirical chapters:
Chapter 1. Seasonal variation in temperature can influence the capacity of organisms to tolerate
thermal stress. I collected wild flies from a population in Topeka, Kansas three to four times
across the season from April to November over fours years to determine whether differences in
cold tolerance were due to developmental acclimation of individuals at different points in the
season. I addressed this question by measuring cold tolerance as chill coma recovery time and
survival in these flies. Further, I investigated whether phenotypic plasticity varied through the
season as well by rearing flies under two different developmental temperatures, and by exposing
flies to short-term variation in temperature as adults.
Chapter 2. Natural populations consist of individuals that belong to continuously varying age
classes, and age can significantly impact fitness of individuals through antagonistic pleiotropy or
mutation accumulation. I used the Drosophila Genetic Reference Panel (DGRP) to measure age-
related variation in stress response following exposure to non-nutritive media (starvation
resistance), survival following cold shock without short-term acclimation, and survival following
cold shock with short-term acclimation. I assessed the role of antagonistic pleiotropy and
mutation accumulation in the decline in stress response using genome-wide association mapping
and the calculation of additive effects of associated polymorphisms across age within and
between stress phenotypes.
Chapter 3. Short-term cold acclimation is a process that usually leads to increased survival in
flies that also experience cold shock, and is thus an adaptive response to diurnal thermal

variation. However, the effect of short-term acclimation on reproductive success has not been



assessed in specific genotypes to understand how capacity for acclimation influences the effect
of acclimation on reproductive fitness. I measured the effect of short-term acclimation on
survival and reproductive behavior in the DGRP to investigate the role of acclimation and
genetic variation in the capacity to acclimate on whole organism fitness.
Chapter 4. Seasonal variation in temperature and photoperiod can induce diapause phenotypes
in drosophilids that overwinter as adults. A recently introduced species, Drosophila suzukii, has
been shown to enter diapause upon long-term acclimation to cool temperature and exposure to
short photoperiod; however previous research has focused on populations that have been
established in northern United States and in Canada. Further, previous research suggests that this
species does not benefit from short-term acclimation through increase in survival. I measured the
effect of developmental and long-term acclimation on ovary development and the effect of short-
term acclimation on survival in a low-diversity population established from a recently founded
population in Topeka, Kansas to determine if these patterns hold for a population that
experiences more moderate winters.
Synopsis

Persistence of populations in variable environments requires tolerance of a wide range of
temperature stressors. Results from Chapter 1 indicated that the capacity of flies to acclimate
depended on the temperature experienced during field development. Flies from each collection
period were able to developmentally acclimate, but the benefit was greatest for flies that were
collected during summer months, suggesting that a combination of mechanisms alter cold
tolerance and that capacity for acclimation depends upon this capacity as well as previous
temperature exposure. However, acclimation effects are not uniformly positive; genetic variation

for the capacity to respond plastically to cold temperature stress can result in negative or



maladaptive acclimation responses (Geister and Fischer 2007; Gerken et al. 2015). In Chapter 2,
I found that negative acclimation responses were more common in young individuals compared
to old individuals of the same genotypes, and in Chapter 3, I found that exposure to the short-
term acclimation cue that normally leads to increased survival had a negative effect on
reproductive fitness. Interestingly, the negative effect of acclimation on reproductive fitness was
only observed in genotypes for which the acclimation cue had a strong negative or strong
positive influence on survival. Further, when reproductive fitness of control pairs was compared
to the genetic capacity of males for acclimation, I found that more plastic genotypes mated more
quickly. Overall, it appears that the roles of acclimation thermal cues and genetic capacity for an
acclimation response have environment-dependent implications for reproductive success. In
natural populations, exposure of small, ectothermic organisms to seasonal and diurnal
fluctuations in temperature is therefore likely to have important consequences for both survival
and reproduction.

Developmental acclimation and long-term acclimation have been previously
demonstrated to influence cold stress tolerance in D. suzukii as well, but other studies have
shown that short-term acclimation has a negative effect on survival. While Chapter 3 highlights
that negative effects of short-term acclimation on fitness can occur, it is possible that the D.
suzukii populations previously tested had low capacity for short-term acclimation by virtue of the
selection regimes specific to the region from which they were collected. In Chapter 4, I
demonstrated that short-term acclimation could result in dramatically increased adult survival in
D. suzukii collected from Topeka, KS. Further, the induction of a diapause-like phenotype
following developmental and long-term acclimation occurred at slightly warmer temperatures

compared to populations from northern USA and southern Canada, suggesting that thermal



selection regimes between recently introduced populations can result in shifts in sensitivity of
populations to environmental cues.

Natural selection for phenotypes that improve survival either through increased lifespan
or through increased stress tolerance can have complex effects on multiple phenotypes that vary
through an individual’s lifespan. Generally, the effectiveness of natural selection declines with
age, allowing for polymorphisms that have negative effects on phenotypes to become more
common in populations when they have restricted ages of effect (Medawar 1952; Hamilton
1966; Maklakov et al. 2015). In Chapter 2, I demonstrated this was the case by showing the age-
related decline in three stress phenotypes (starvation resistance, acclimation survival, and non-
acclimation survival) was driven by changes in effects of associated polymorphisms across age.
Mutation accumulation contributed to the decline in phenotypes across age, but antagonistic
pleiotropy influenced age-related decline between phenotypes. 1 also found that the effects of
natural selection on correlated phenotypes influenced the evolution of age-related change in
stress responses. For example, the age-related starvation response was influenced by the effect of
natural selection on polymorphisms that improve cold tolerance and by starvation-specific
polymorphisms with negative additive effects that increased with age.

Results from my research provide insight into how organisms respond to thermal
variation with implications for evolutionary biology, ecology, genetics, aging, and physiology by
providing a treatment of the intersection between aging, genetics, and natural selection.
Organisms experience thermal variability on multiple spatial and temporal scales, and this
thermal variation can have a significant influence on the ability of individuals to survive and
reproduce and for populations to persist over time. This is particularly important for populations

that experience seasonal fluctuation in temperature, as the age structure of populations varies
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through the season as well. The ability of an organism to survive thermal stress at multiple
periods through a season is thus a function of genetic capacity to tolerate stress, genetic capacity

for phenotypic plasticity, prior exposure to thermal variation, and the age of the individual.
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Chapter 1 - Seasonal variation in basal and plastic cold tolerance:
adaptation is influenced by both long- and short-term
phenotypic plasticity1

Elizabeth R. Everman, Suegene Noh, Christopher M. Berger, and Theodore J. Morgan

Abstract

Understanding how thermal selection pressure across different time scales affects
phenotypic distributions will allow us to better predict the effect of climate change on the fitness
of ectotherms. We tested how seasonal thermal variation affects basal levels of cold tolerance
and two types of phenotypic plasticity in Drosophila melanogaster. Developmental acclimation
occurs as developmental stages of an organism are exposed to seasonal changes in temperature
and its effect is irreversible, while reversible short-term acclimation can occur on a daily basis in
response to diurnal changes in temperature. We collected wild flies from a temperate population
across seasons and measured two cold tolerance metrics (chill coma recovery and survivorship)
and their responses to developmental and short-term acclimation. Chill coma recovery responded
to seasonal shifts in temperature, and phenotypic plasticity following both short-term and
developmental acclimation improved cold tolerance. This improvement indicated that both types
of plasticity are adaptive and that plasticity can compensate for genetic variation in basal cold
tolerance during warmer parts of the season when flies tend to be less cold tolerant. We also
observed a significantly stronger trade-off between basal cold tolerance and short-term
acclimation during warmer months. For the longer-term developmental acclimation, a trade-off

persisted regardless of season. A relationship between the two types of plasticity may provide
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additional insight into why some measures of thermal tolerance are more sensitive to seasonal

variation than others.
Introduction

Climate change is already impacting biological systems and affecting average population
fitness by causing shifts in the phenologies and distributions of mobile and stationary species
(Parmesan and Yohe 2003; Root et al. 2003; Kellermann et al. 2009). Significant effort in the
scientific community to predict the magnitude and severity of the effects of changing
temperatures on biodiversity has illustrated that, in order to understand how a species might
respond to climate change, we need to know more about the dispersal ability, biotic and abiotic
interactions, and, particularly, the adaptive potential of the species (reviewed in Lavergne et al.
2010). Because increases in climatic variability are predicted to accompany gross climate
change, we now expect the impact of climate change to depend more on the variance rather than
the mean of temperature change (Jentsch et al. 2007; Vasseur et al. 2014; Wang and Dillon
2014). This is in large part due to the nonlinear effects of temperature on various aspects of
organismal biology, including biochemical processes, intraspecific traits such as physiological
performance curves, and species interaction traits (Dell et al. 2011). In addition, thermal
variation occurs at several time scales making it equally important to understand how population
fitness will be affected by shorter-term fluctuations in temperature due to diurnal and seasonal
changes, as well as longer-term gross fluctuations or extreme events (Marshall and Sinclair
2012). Understanding how different time scales of selection interact and affect phenotypic and
allelic distributions will allow us to better predict the effect of climate change on the fitness of

populations of many species.
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Arthropods comprise a dominant proportion of global biomass and have key roles in
many ecosystem processes (Wilson 1987; Miller 1993). Adapting to unpredictable change at
multiple time scales may be particularly challenging for these ectotherms as their physiology is
very sensitive to fluctuations in the thermal environment (Kawecki 2000; Deutsch et al. 2008;
Foray et al. 2013). The implications of our changing climate for the survival of insects and other
arthropods are often discussed in the context of basal stress tolerance and phenotypic plasticity
(Sinclair et al. 2003; Danks 2005; Sinclair and Roberts 2005; Vesala and Hoikkala 2011). Basal
thermal tolerance is a heritable phenotype (Hallas et al. 2002; Ayrinhac et al. 2004; Anderson et
al. 2005; Gerken et al. 2015), and recent work has demonstrated that seasonal fluctuations in
basal cold tolerance are linked to fluctuations in allele frequencies in Drosophila melanogaster,
suggesting that seasonal changes can result in rapid genetic responses to varying environmental
stress multiple times per year (Bergland et al. 2014a).

Phenotypic plasticity also significantly influences the survival of organisms following
temperature stress (Kelty and Lee 2001; Ayrinhac et al. 2004; Geister and Fischer 2007; Kelty
2007; Deutsch et al. 2008; Gerken et al. 2015). Many phenotypes related to thermal stress
tolerance are seasonally induced, including pigmentation (Shearer et al. 2016), levels of
antifreeze proteins and cryoprotectants (Danks 2005), and reproductive diapause (Vesala and
Hoikkala 2011; Wallingford et al. 2016). Phenotypic plasticity induced through both short-term
acclimation and longer-term developmental acclimation have been repeatedly shown to increase
survival in thermally variable environments in numerous organisms (Lee et al. 1987; Coulson
and Bale 1990; Hoffmann et al. 2003a; Sinclair and Chown 2006; Geister and Fischer 2007,
Basson et al. 2012). Short-term acclimation typically occurs following a brief (minutes to hours)

exposure to a non-lethal cool temperature prior to a harsher thermal stress and has ephemeral
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benefits on survival, wearing off after a few hours (Everman et al. In Press; Chen et al. 1987; Lee
et al. 1987; Czajka and Lee 1990; Kelty and Lee 2001; Koveos 2001; Loeschcke and Serensen
2005; Gerken et al. 2015). While short-term acclimation can occur across ontogeny,
developmental acclimation occurs through exposure of organisms to conditions that alter
development and is thus irreversible (Lee et al. 1987; Wilson and Franklin 2002; Teets and
Denlinger 2013).

Despite this knowledgebase, we do not fully understand how basal and plastic responses
to cold stress interact through seasonal temperature variation characteristic of temperate regions.
In particular, a comprehensive understanding of the interaction between basal tolerance and
short- and long-term acclimation responses to thermal stress is lacking for species that have
complex life cycles (Kingsolver et al. 2011) or produce several generations per year (Bergland et
al. 2014a). Theory predicts that adaptation to one set of conditions can result in mismatch
between phenotype and environment when conditions shift; however, maintenance of the
capacity to respond plastically to shifting environments can reduce this mismatch and facilitate
survival of individuals and persistence of populations (Kawecki 2000; Gomez-Mestre and Jovani
2013; Lande 2014). In addition, it was recently suggested that phenotypic plasticity through
short-term and developmental acclimation are evolutionarily linked more closely than was
previously considered (Beaman et al. 2016). The capacity for plasticity following developmental
acclimation (developmental plasticity), which generally leads to fixed phenotypic effects, should
interact with the capacity for acclimation over short timescales (Beaman et al. 2016). The
interaction between phenotypic plasticity following short-term and developmental acclimation is
important because, acting together, they can reduce the probability that developmental

acclimation will result in a mismatch between phenotype and environment due to unpredictable
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environmental fluctuation. Essentially, if during development environmental cues indicate that
future conditions are unpredictable, selection should favor acclimation capacity (Beaman et al.
2016).

We measured the influence of developmental and short-term acclimation on two
measures of thermal tolerance as a natural population of D. melanogaster responded to seasonal
changes in temperatures over multiple years. The cold tolerance metrics (chill coma recovery and
survival) involve unique genetic mechanisms, and the different forms of acclimation represent
specific temporal scales at which acclimation can occur and so are likely to be differentially
affected by natural selection through the season (Rako and Hoffmann 2006; Colinet and
Hoffmann 2012; Teets and Denlinger 2013; Gerken et al. 2015). Developmental acclimation
models the impact of seasonal temperature variation experienced through early ontology on the
response to thermal stress. The influence of developmental acclimation through the season on
cold tolerance was assessed with chill coma recovery, which relates the time it takes for flies to
regain neuromuscular control and flight capacity after exposure to mild cold temperatures
(Gibert et al. 2001; MacMillan and Sinclair 2011), and with survival following cold shock,
which involves a harsher stress that reflects the physiological limits of cold tolerance (Lee et al.
1987; Kelty and Lee 2001; Kelty 2007). Short-term acclimation models diurnal temperature
variation, but also has a seasonal context because the magnitude of diurnal thermal variation
fluctuates through the season (Kelty and Lee 2001; Colinet and Hoffmann 2012; Gerken et al.
2015). Short-term acclimation induces physiological changes that are relevant for survival, but
has been previously shown to negatively impact chill coma recovery in D. melanogaster (Rako
and Hoffmann 2006); therefore, we measured the effect of short-term acclimation on survival

following cold stress. By measuring the effects of developmental and short-term acclimation on
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two cold stress metrics, we aimed to determine the relative importance of long and short-term
forms of phenotypic plasticity from season to season and year to year.

As it has been suggested that fluctuating selection should favor genes that modify basal
cold tolerance rather than alter the response itself (Kawecki 2000), we expected cold stress
survivorship to be less sensitive to developmental acclimation as a result of seasonal thermal
variation compared to chill coma recovery. This is because cold stress survival tests the
physiological limits of an organism and likely involves a unique set of genes and mechanisms
compared to chill coma recovery (Rako and Hoffmann 2006). Next, we expected phenotypic
plasticity due to both developmental and short-term acclimation to compensate for genetic
differences in chill coma recovery and cold stress survivorship that resulted from seasonal
selection. Specifically, we expected less cold tolerant flies from warmer months to still be able to
resist cold temperature stress through phenotypic plasticity, despite having experienced weaker
natural selection prior to collection. Finally, if a strong constraint exists between basal cold
tolerance and plasticity, we expected this relationship to be differentially affected by seasonal
temperature variation as well. Trade-offs between basal cold tolerance and plasticity are well
documented (Hoffmann et al. 2003c; Kellett et al. 2005; Nyamukondiwa et al. 2011; Gerken et
al. 2015), and seasonal variations in life history trade-offs are well known (Nylin and Gotthard
1998). Thus we hypothesized that the relationship between basal cold tolerance and phenotypic
plasticity may constrain how organisms respond to seasonal variation. Specifically, chill coma
recovery may show a consistent constraint between basal cold tolerance and plasticity because
natural selection due to seasonal temperature variation should be relevant to the evolution of this

phenotype. Because we expect cold stress survivorship and acclimation to be less closely related
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to seasonal variation, the trade-off between these phenotypes may be maintained less

consistently across seasons.
Methods

We collected flies through summer and fall of 2012 - 2015 from two commercial
orchards in Topeka, KS (39.09 latitude, -95.59 longitude and 39.20 latitude, -95.74 longitude)
that are 11 miles apart. In 2012 and 2013, we collected flies at three different times (July,
September, October), in 2014 at five different times (June, July, August, September, November),
and in 2015 at three different times (July, September, October). We attracted flies by placing
fermented banana bait traps near or hanging onto apple trees at each orchard for 2-3 days. These
traps were constructed from 1L plastic bottles with a single curved opening approximately 3
inches wide made on one side. All flies were combined as soon as they were brought into the lab,
as the orchards were geographically close and grew similar types of fruit, and because the
number of females collected at the two sites was often unequal. For each collection time, we
isolated D. melanogaster or D. simulans females into individual vials with standard cornmeal-
molasses food and allowed them to lay eggs. After one week in a vial, we removed these founder
females. We identified to species the isofemale lines we established in this way by checking the
genital morphology of male offspring. We retained only D. melanogaster, and maintained and
inbred isofemale lines or outbred population cages established from ten isofemale lines each,
depending on the experiment. More details are given below.

Chill coma recovery and developmental acclimation

We measured flies from 2012 — 2014 for chill coma recovery. Isofemale lines established

in 2012 and 2013 were maintained for five to eight generations at 25°C prior to chill coma

recovery phenotyping. Flies from 2014 isofemale lines were reestablished from outbred
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populations that had been maintained in lab for three generations. The 2014 isofemale lines were
then maintained for two more generations at 25°C prior to phenotyping. To determine the plastic
effect of developmental acclimation on chill coma recovery, we reared the isofemale lines from
2012 and 2014 at 18°C for an additional three to five generations and phenotyped them once
more.

We used an automated phenotyping technique to score up to 200 flies at a time for chill
coma recovery as described in Crawford (2013). We placed a gridded phenotyping stage in an
incubator set to 25°C. Above the stage, we positioned a digital SLR camera (Canon EOS Rebel
T3) so that it captured all the grids within its view. We used camera software (DSLR Remote Pro
for Windows) to automatically take photos at 60 sec intervals. We aimed to phenotype 40
females and males each from each line. To set up a phenotyping trial, we sexed flies of each line
on a CO; stage and placed 8-11 flies of a single sex into an empty vial. Once 20 vials were full
and all flies were awake, we placed a rack of vials into a refrigerator set to 0 °C for 3 hr. After 3
hr., we removed the rack from the refrigerator and emptied each vial into a cell of the gridded
stage as quickly as possible. We then positioned the knocked out flies within the grid so that they
were on their backs and sufficiently spaced so that none were touching each other. This usually
took 3-4 min. We took photos every minute from 5 min post-removal from the refrigerator to 40
min post-removal. After 40 min, flies were removed from the staged incubator using a hand
vacuum.

We used custom written code to score positions of flies at each minute interval using a
fiji (ImagelJ) script that directed the tool ParticleAnalyzer to report locations of flies. We scored
the waking time of each fly by comparing the locations of flies from minute to minute. Any fly

that shifted position between camera frames was considered awake. Any flies that had not moved
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by the end of phenotyping were given *41° minutes for waking time because the vast majority of
flies that were still immobile at this time would move once nudged with the hand vacuum used to
clean the phenotyping stage.

Cold stress survivorship and short-term acclimation

We mass-reared flies collected in 2014 and 2015 for two generations at 25°C prior to
cold stress survivorship phenotyping. We established four to six mass-reared population cages
for each collection time from approximately 10 isofemale lines each.

To measure cold stress survivorship, we obtained flies from mass population cages two
days post eclosion. From each population bottle we sorted flies by sex on a CO, stage into vials
containing 20 individuals apiece. We allowed flies to recover and mature for five days prior to
phenotyping. We measured cold stress survivorship by exposing one set of experimental flies to -
6°C for one hour (non-acclimation treatment). We measured short-term acclimation through
rapid cold-hardening by exposing a second set of the experimental flies first to 4°C for two
hours, immediately followed by exposure to -6°C for one hour (acclimation treatment). Cold
stress and acclimation temperatures were chosen following Gerken et al. (2015). We recorded
survivorship per vial after a 24 hr recovery period at 25°C with access to food. We replicated
each treatment twice per sex, per bottle for each of the collections.

Seasonal temperature variation and statistical analysis

To compare the effect of seasonal weather across years, we compiled data from
degreedays.net regarding the cooling and heating degree days for the 14 days leading up to and
including each collection date from the closest weather station location to the orchards we
sampled: Topeka Billard Municipal Airport (KTOP: 39.07 N, 95.62 W, an average distance of 6

miles from the collection sites). Heating degree days are the cumulative degrees air temperatures
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fell below a reference temperature (and thus required heating to maintain that temperature),
while cooling degree days are the cumulative degrees air temperatures were above a reference
temperature (and required cooling). We selected 25°C and 18°C for the cooling and heating
degree day reference temperatures because these were the rearing temperatures selected to look
at the effect of developmental temperature. We found that our collection dates over the three
years were relatively evenly sampled and less skewed across the range of cooling degree days
with a reference temperature of 18°C (CDD18 (skewness = 0.13)) compared to the alternatives
(HDD25 (skewness = 1.11), HDD18 (skewness = 1.48), CDD25 (skewness = 1.08)). From here
on, we use cumulative heat exposure above 18°C (CDD18) as a proxy for the seasonal weather
experienced by the isofemale line founders. We imported these compiled data into R v.3.2.1 for
statistical analysis (R Core Team 2015).

For chill coma recovery, we only included lines from which we were able to get data
from at least 40 individuals total (both female and male). In 2012, we collected recovery time
data from a total of 99 lines of flies (July — 33 lines, September — 35 lines, October — 31 lines). In
2013, we collected data from 89 lines of flies (July — 30 lines, September — 30 lines, October —
29 lines). In 2014, we collected data from 98 lines of flies (June — 30 lines, July — 30 lines,
August — 20 lines, September — 18 lines).

Exploratory examination of our data suggested that chill coma recovery waking times
were not normally distributed but instead fit a quasipoisson pattern, with mean and variance
showing a positive linear relationship. Compared to data with a Poisson distribution, with
quasipoisson data the variance increases at a rate above 1 as the mean increases. Therefore we
chose to analyze our data with penalized quasi-likelihood generalized linear mixed models fit

with a quasipoisson error distribution and its accompanying log link function using the R library
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MASS v.7.3-44 (Venables and Ripley 2002). For cold stress survivorship, again we only
included cages from which we were able to get data from at least 40 individuals total (both
female and male) and the median number of flies that survived the cold survivorship assay across
replicates was at least one individual. In 2014, we collected survivorship data from 14 cages of
flies (August — 4 cages, September — 6 cages, November — 6 cages). In 2015, we collected data
from 15 cages of flies (July — 5 cages, August — 4 cages, September — 6 cages). Because the
response variable for cold stress survivorship is binary (alive, dead), we analyzed these data
using a generalized linear mixed model fit with a binomial error distribution and its
accompanying log link function using the R library lme4 v.1.1-10 (Bates et al. 2015). From
hereon, we will refer to both types of models simply as mixed effects models.

We used the flies from the 2012 - 2014 25°C chill coma recovery experiments and 2014 -
2015 non-acclimated survival experiments to test the hypothesis: Seasonal temperature variation
affects basal cold tolerance through natural selection. For the chill coma recovery data we fit a
mixed model to waking time, with CDDI18 as fixed factor and sex, nested in lines, nested in
collection years as random factors. For the non-acclimation survival data we fit a mixed model to
the binomial variable of flies alive vs. dead, with CDD18 as fixed factor and sex, nested in cages,
nested in collection years as random factors. All models were fit with the continuous variable
CDD18, but to make residual plots easier to visualize, we created a categorical variable from
CDD18 (“low”, “mid”, and “high”) by simply dividing each range of collection dates into thirds.

Next we used the flies from the 2012 and 2014 25°C and 18°C chill coma recovery
experiments and 2014 - 2015 short-term acclimation survival experiments to test the hypothesis:
Developmental and short-term acclimation compensates for the genetic differences in cold

tolerance. For the chill coma recovery data, we fit a mixed model to waking time with the
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interaction between CDD18 and developmental temperature. For the cold stress survivorship
data, we fit a mixed model to the binomial response variable with the interaction between
CDDI18 and acclimation treatment. The random effects were structured as with the previous
model.

Finally, we used flies from the 2012 and 2014 25°C and 18°C chill coma recovery
experiments and 2014-2015 short-term acclimation experiments to test the hypothesis: Seasonal
temperature variation affects the trade-off between basal cold tolerance and plasticity. We
estimated developmental plasticity by taking the difference between recovery time in the two
development treatments (development at 25°C vs. 18°C) for each line. We calculated an
acclimation score by taking the difference between survivorship in the two cold-hardening
treatments (acclimation and non-acclimation) for each population cage. We looked at the
correlation between each type of cold tolerance metric and its corresponding plasticity metric
within levels of CDD18. As described above, we simply divided collection times by CDD18 into
thirds, so that for chill coma recovery the first third of collection times with the lowest CDD18
were put into the “low” category and so forth. If the total number of collection times was not a
multiple of three, the excess times were included in the “mid” category. We used linear models
to test whether the relationships between basal tolerance and plasticity were significantly

different by CDD18 category.

Results

Evidence of seasonal variation in basal cold tolerance

We used cooling degree days with an 18°C reference (CDD18) as our proxy for the
seasonal temperature experienced by founder females of the isofemale lines we tested in our

experiment. Across the four collection years, we observed a wide range in thermal variation from
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an average of 28.7°C each day over the two weeks preceding collection in the warmest month
(July, 2012) to approximately 18°C over the two weeks preceding collection in the coolest month
(September, 2013 and November, 2014; Fig. 1.1). A mixed effects model fitted to the chill coma
recovery waking times of flies reared at 25°C indicated that an increase in cumulative heat
exposure added to chill coma recovery time (Scppis = 0.001 +/- <0.001, £ = 5.53, P <0.001; Fig.
1.2A). This effect was significant despite the ‘common garden’ rearing and maintenance of flies
at 25°C for five or more generations in the lab. Males generally woke up slightly faster than
females (SD = 0.10), and this difference was accounted for as a random intercept in our model.
The variation among lines established from females collected at the same time (SD = 0.11) was
similar to the variation among collection years (SD = 0.13). Visual examination of the random
effects coefficients and boxplots of the residuals distributed across fixed and random effects (Fig.
1.3) did not show extreme outliers or potential issues due to variance heterogeneity.

Survivorship following short-term cold stress was not significantly influenced by
cumulative heat exposure (fcppis = 0.007 +/- < 0.004, z = 1.60, P = 0.11; Fig. 1.4A). Males
generally survived better than females (SD = 0.41) and this variation was similar in magnitude to
the variation among population cages established from females collected at the same time (SD =
0.55). However, the variation among collection years was much larger (SD = 1.32) so that there
was more variation between years than within (Fig. 1.5). As above, visual examination of the
boxplots of the residuals distributed across fixed and random effects did not show extreme
outliers or potential issues due to variance heterogeneity (Fig. 1.5).

Plasticity compensates for the seasonal genetic differences in cold tolerance
To determine the effect of developmental acclimation, flies collected in 2012 and 2014

were also reared and maintained at a constant 18°C ‘common garden’ environment for 3 or more
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generations and tested once more for chill coma recovery. A mixed effects model fitted to fly
phenotypes from these years indicated that this switch in developmental temperature from 25 °C
to 18°C shortens waking times (g, = - 0.16 +/- 0.01, ¢t = - 14.66, P < 0.001; Fig. 1.2B — D), and
interacts with CDD18 to reduce the effect of CDD18 on waking time (Bcppis-dger = - 0.001 +/- <
0.001, t = - 9.16, P = < 0.001; Fig. 1.2B). As observed in the first hypothesis, an increase in
cumulative heat exposure added to chill coma recovery time (Scppis = 0.001 +/- < 0.001, ¢ =
6.58, P <0.001; Fig. 1.2B). Again males generally woke faster (SD = 0.05). The variation among
lines established from females collected at the same time (SD = 0.09) was similar to the variation
among collection years (SD = 0.09). As above, visual examination of the random effects
coefficients and boxplots of the residuals did not show extreme outliers or potential issue due to
variance heterogeneity (Fig. 1.6).

To determine the effect of short-term acclimation, flies collected in 2014 and 2015 were
exposed to a 4°C ‘rapid cold-hardening’ treatment and tested once more for cold stress
survivorship. A mixed effects model fitted to fly phenotypes from these years indicated that this
treatment significantly increases cold stress survivorship (S, = 1.99 +/- 0.05, z = 36.32, P <
0.001; Fig. 1.4B — D). Cumulative heat exposure also tended to improve cold stress survivorship
(Bcppis = 0.01 +/- 0.004, z = 2.47, P = 0.01; Fig. 1.4B). Again males had higher survivorship
(SD = 0.29). The variation among cages established from females collected at the same time (SD
= 0.56) and the variation among collection years (SD = 0.84) was large. As above, visual
examination of the random effects coefficients and boxplots of the residuals did not show

extreme outliers or potential issue due to variance heterogeneity (Fig. 1.7).
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Evidence of seasonal variation in the trade-off between cold tolerance and
acclimation

We found that for both chill coma recovery and cold stress survivorship, the basal cold
tolerances and their respective plasticity measures showed significant relationships (Fig. 1.8).
Flies with higher basal cold tolerance will have a shorter chill coma recovery time (note that the
X-axis is flipped in orientation because of this in Fig. 1.8A — C). Thus the association between
basal cold tolerance and developmental plasticity is negative, and flies with higher basal cold
tolerance for chill coma recovery showed the least amount of developmental plasticity. This
association was present regardless of the level of cumulative heat exposure, so that whether it
was low or high, basal cold tolerance for chill coma recovery and developmental plasticity
always showed a similar degree of association (CDD18pcve:CCRys, F> = 1.88, P = 0.15; Fig.
1.8A — C). Cold stress survivorship also showed an overall negative relationship with short-term
acclimation plasticity, and flies with higher basal cold tolerance for cold stress survivorship
showed the least benefit from short-term acclimation. In contrast to chill coma recovery, this
association was strongest in flies with a higher level of cumulative heat exposure than in flies
with less cumulative heat exposure (CDD18cyve:CSSxnon, F2 = 6.20, P = 0.004; Fig. 1.8D —F).

Discussion

Temperature fluctuations are effective sources of natural selection for small ectothermic
organisms with short generation times (Kelty and Lee 2001; MacMillan and Sinclair 2011;
Vesala and Hoikkala 2011; Bergland et al. 2014a). Over the four years that we sampled our
natural population of D. melanogaster, the seasonal thermal variation experienced by founding
females grew smaller with each successive year (Fig. 1.1). Despite the milder summer and fall

temperatures in progressive years, we detected a significant effect of cumulative heat exposure in
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flies that were reared at 25°C under common garden conditions and tested for chill coma
recovery time (Fig. 1.2). Flies collected during warmer months typically took longer to wake
from chill coma, suggesting that natural populations have decreased cold tolerance during this
part of the season. Cold tolerance increased as cumulative heat exposure decreased, indicating
that seasonal change in temperatures from summer to fall across the three years influenced cold
tolerance in the expected direction as measured by chill coma recovery.

However, cold tolerance assessed through exposure to short-term cold stress did not
recapitulate this pattern (Fig. 1.4). Flies collected during warmer months and during colder
months were not different in their cold stress survivorship. It is important to note that the
variance between collection years in cold stress survivorship was larger than the variance within
each year for this metric. Larger differences in environmental conditions experienced by
founding females may be necessary to elicit a change in this measure of cold stress survivorship.
Thus it is quite possible that we were unable to detect a significant effect of season on cold stress
survivorship due to the relatively small degree of temperature fluctuation across our collection
dates during 2014 and 2015, as opposed to those in 2012 and 2013 (Fig. 1.1). This is especially
true for females collected in 2015, where temperatures during the two weeks preceding each
collection period were similar across a 4-month period of time (Fig. 1.1). At the same time, a
lack of seasonal variation in extreme cold stress tolerance has been previously reported
(Hoffmann and Watson 1993), suggesting that cold stress survivorship may not respond to
seasonal thermal variation. Thus, our results may not be surprising because tolerance to short-
term, severe temperature stress is expected to be important for surviving daily fluctuations in

temperature (Lee et al. 1987; Hoffmann and Watson 1993; Kelty and Lee 2001).
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The significant effect of cumulative heat exposure on chill coma recovery in flies reared
at 25°C is a signal of genetic change as this natural population adapts to temperature variation
throughout the seasons each year. Cyclical changes in selection pressure have repeatedly been
shown to influence fitness and life history phenotypes (Bergland et al. 2014a; Betini et al. 2014;
Behrman et al. 2015). Over short stretches of time, these cyclical selection pressures can cause
high-frequency alleles that were beneficial earlier in the season to become less frequent when
they are less beneficial. Bergland et al. (2014a) found evidence to support this pattern of allele
frequency fluctuation and further linked specific fluctuating loci to chill coma recovery.
Behrman et al. (2015) also observed oscillating cold tolerance phenotypes in both D. simulans
and D. melanogaster. In addition to the positive effect of seasonal thermal variation on cold
tolerance at least for chill coma recovery, both short-term acclimation and longer-term
developmental acclimation improved cold tolerance (Fig. 1.2C — D, 1.4C — D). These results
show that both types of phenotypic plasticity are adaptive because they allow warmer season
flies to effectively recover the cold tolerance of cooler season flies that are selected by seasonal
temperature variation to be more basally cold tolerant. The plasticity we observed in our
population of flies is in line with previous reports of adaptive plasticity found for cold tolerance
phenotypes, including chill coma recovery (Ayrinhac et al. 2004; Rako and Hoffmann 2006) and
cold stress survivorship (Lee et al. 1987; Gerken et al. 2015).

Moreover, basal cold tolerance and adaptive plasticity for both types of acclimation
showed a characteristic trade-off pattern, in which the capacity for phenotypic plasticity was
greater for less basally cold tolerant lines or cages and vice versa (Fig. 1.8). Trade-offs between
basal cold tolerance and plasticity have been reported before (Hoffmann et al. 2003c; Kellett et

al. 2005; Nyamukondiwa et al. 2011; Gerken et al. 2015). While the relationship is naturally
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biased toward a negative relationship, the slope describing this relationship within a single
population over time provides insight into the dynamics of seasonality and cold tolerance
(Serensen et al. 2016). A previously untested but important aspect of the trade-off is whether the
relationship between basal tolerance and adaptive plasticity constrains how individual organisms
can respond to seasonal variation. With our two cold tolerance metrics, we were able to assess
whether the capacity for adaptive plasticity related to short- and longer-term variation in
temperatures differs by season. We found that seasonal variation in temperature significantly
affected the trade-off for short-term acclimation but not developmental plasticity. We observed a
significantly stronger trade-off between cold tolerance and acclimation plasticity for short-term
cold stress survivorship during the warmest months. This trade-off was weaker during colder
months, and in the coldest season sampled, all population cages had equally poor basal cold
tolerance even though they retained a fairly large range of acclimation capacities (Fig. 1.8D — F).
This was not the case for the longer-term developmental plasticity trade-off, whose relationship
with basal cold tolerance persisted to a similar degree regardless of season (Fig. 1.8A — C).

This difference in the dynamics of the trade-off between developmental and short-term
acclimation and their respective measures of basal tolerance may reflect a constraint that exists
between these two types of phenotypic plasticity. Developmental acclimation results in an
irreversible type of plasticity while short-term acclimation is generally reversible, wearing off
after a few hours (Everman et al. In Press; Kelty and Lee 2001; Koveos 2001). Both types of
plasticity are likely to evolve and interact in species that have short generation times and
reproduce multiple times a year, because reversible acclimation can correct potential mismatches
between basal tolerance and environment that occur as a result of irreversible developmental

plasticity (Beaman et al. 2016). In the model presented by Beaman and colleagues, the relative
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capacity of each type of acclimation depended on the evolutionary cost of maintaining
acclimation capacity in particular. For seasonal traits such as chill coma recovery, the tight and
non-fluctuating relationship between basal cold tolerance and developmental plasticity indicates
that these insects will recover from chill coma fairly well regardless of season. However, during
colder months, maintaining a higher acclimation capacity will be adaptive because the effect of
an extended warm spell could otherwise be challenging due to the effect of developmental
acclimation on basal levels of thermal tolerance. Thus this relationship between the two types of
plasticity may constrain acclimation capacity to be maintained at a higher level during colder
months, more so than the trade-off between short-term acclimation and basal cold tolerance. We
are unable to conclusively test this relationship between developmental and short-term
acclimation with our data because they were measured on two different cold tolerance
phenotypes. However, the potential for this type of multivariate relationship between basal
tolerance and phenotypic plasticity may provide additional insight into why some measures of
thermal tolerance are more sensitive to seasonal variation than others, and could extend to
broader spatial scales as well.

We expect natural thermal environments to fluctuate, and fluctuations that occur within
the thermal performance range of an ectotherm typically increase its fitness (Colinet et al. 2015).
We began our discussion by noting how much less variable each successive year from 2012 to
2015 was in terms of the metrics of thermal variation we used (Fig. 1.1). Year by year, the basal
tolerances of flies increased for chill coma recovery from 2012 through 2014 and increased for
cold stress survivorship from 2014 to 2015. If the reduced temperature variability and increase in
basal tolerance over the last few years led to reduced allelic variation or capacity for plasticity,

extended atypical weather, such as an extreme cold spell during a warmer season, would present
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a serious challenge for this natural population. While plasticity has positive affects on cold
tolerance within the range of thermal stresses we tested in this natural population of flies, the
predictability and magnitude of climatic changes going forward is certain to influence the
persistence of the population thanks to constraints such as the trade-offs we found that affect the
evolution of plasticity.
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Figure 1.1 Cooling degree days above 18°C for the collection dates of the isofemale founders
used in the experiments. Degree days are cumulative for the 14 days prior to and including the
collection date, and were obtained from the nearest weather station located at Topeka Municipal
Airport. Symbols indicate the average CDD18 for each collection day each year.
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Figure 1.2 Mixed effects model fit to chill coma recovery times of flies founded from females
collected at different times of the season and reared in the lab at 25°C (A) and subsequently at
18°C (B) to measure the effect of developmental acclimation. A. Offspring of collections made
during cooler parts of the year woke more quickly from chill coma compared to offspring from
collections made during warmer parts of the year. B. Developmental acclimation improved cold
tolerance for all offspring, leading to a larger increase in cold tolerance for offspring of
collections made during warmer parts of the year. C. Developmental acclimation lead to faster
recovery times on average for offspring of flies collected during 2012. D. Cold tolerance was
generally greater for offspring of flies collected in 2014; developmental acclimation improved
cold tolerance in offspring of flies collected in 2014. Linear models shown incorporate both
fixed and random effects coefficients obtained from the mixed effects model. Note that the axis
is in log scale because Quasipoisson errors are log linked.
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Figure 1.3 Analysis of residuals for chill coma recovery. A. Distribution of random effects fit to
the waking times of flies reared at 25°C. the histogram is of the random effect intercepts fit to
isofemale lines nested in year. Vertical lines are random effect intercepts fit to collection year. (B
— D) Residuals of the mixed effects model fit. For convenient visualization, cooling degree days
(CDD18) were divided into categories by dividing the range of the collection dates into three

(low, mid, high).
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Figure 1.4 Analysis of developmental acclimation residuals. A. Distribution of random effects
fit to chill coma recovery time of flies reared at 25°C and then 18°C. The histogram is of the
random effect intercepts fit to isofemale lines nested in year. Vertical lines are random effect
intercepts fit to collection year (B — D) Residuals of the mixed effects model.
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Figure 1.5 Mixed effects model fit to cold stress survivorship (alive vs. dead) from females

collected at different times of the season and reared in the lab at 25°C. A. Cold tolerance of

offspring of collected individuals did not vary significantly through the year due to seasonal
variation in temperature. B. Short-term acclimation treatment at 4°C prior to the survivorship
assay at -6°C improved cold tolerance; however, survival of offspring following acclimation was
not influenced by seasonal variation in temperature. C. On average, short-term acclimation
improved survival in offspring of 2014 collections. D. Offspring of flies collected in 2015 were
more cold tolerance on average compared to 2014; short term acclimation improved survival of
offspring of 2015 collections. Linear models shown incorporate both fixed and random effects
coefficients obtained from the mixed effects model. Note that the y-axes are in log scale because

binomial errors are log linked.

36



84 1
1
1
1 2 -
64 ! |
1
2y | year o
5 - g
Q 1
3 410 ' 2014 T o0
[0] 1 (0]
=2 | 2015 2
1
2+ 1
1 —2 -
1
I ' |
04 1
L T T T T T T T T T
-10 -05 00 05 10 15 low CDD18 mid CDD18 high CDD18
Random Effect of Cage in Year CDD18 category
C D
) | | | |
@
@ g
g T 0
T 0+ a3
3 o
o
<1 | I |
|
T TN T 0\‘1 TS TN LN@)
\s & NS » o ©
ﬂ\b‘\ Ab‘\ «\b‘\ N \(’3\ \(’3\
T T
Female Male
Sex Founder Collection Year/Month

Figure 1.6 Analysis of residuals for short-term acclimation. A. Distribution of random effects fit
to cold stress survivorship of flies directly exposed to cold stress at -6°C. The histogram is of the
random effect intercepts fit to population cages nested in year. Vertical lines are random effect
intercepts fit to collection year. (B — D) Residuals of the mixed effects model.
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Figure 1.7 Analysis of short-term acclimation residuals. A. Distribution of random effects fit to
cold stress survivorship of flies exposed to cold stress at -6°C with and without short-term
acclimation at 4°C. The histogram is of the random effect intercepts fit to population cages
nested in year. Vertical lines are random effect intercepts fit to collection year. (B — D) residuals

of the mixed effects model.

38



20 r=0.84 r=0.84 r=0.89
o
b ?g o
-f_.j) od &
S 404 60 o
o od
o A S8So o
© ) O%)&% A
é A
8- 0 4 A %%
L - A A
@] A Spa N
f2.2 4
A”ad
_10 B T T T T T T T T T T T T T T T
30 25 20 15 10 30 25 20 15 10 30 25 20 15 10
Chill Coma Recovery (Untreated)
D E F
0.81 r=0.36 r=-0.77 r=-0.94
a
N
N
@ 067 & ° AA
o] Ay A
3 2 A
0 AA A o A
c JA
L2044 A % o o
© A
E |84 o0 o *
© N
< o024 & o ® s o o
© ® o o
° M *
0.0 ¢ .
0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75

Cold Stress Survivorship (Untreated)

Figure 1.8 Seasonal variation in plasticity. (A — C) Basal chill coma recovery and its relationship
with developmental plasticity across the range of cumulative heat exposure experienced by
founder females of isofemale lines (individual points; A. low heat exposure, B. medium head
exposure, C. high heat exposure). Note the reversed x-axis in plots A — C. (D — F) Basal cold
stress survivorship and its relationship with short-term acclimation across the range of seasonal
temperature variation experienced by founder females of population cages (individual points; D.
low heat exposure, E. medium head exposure, F. high heat exposure). Circles indicate data from
2012, triangles indicate data from 2014, and diamonds indicate data from 2015. Correlations
between the relevant metrics are shown individually for each panel.
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Chapter 2 - Evolution of age-specific decline in stress phenotypes is
driven by antagonistic pleiotropy and mutation accumulation

Elizabeth R. Everman and Theodore J. Morgan
Abstract

Efforts to more fully understand and test evolutionary theories of aging have produced
distinct predictions for mutation accumulation (MA) and antagonistic pleiotropy (AP)
mechanisms. We build on these predictions through the use of association mapping and
investigation of the change in additive effects of polymorphisms across age and among traits for
multiple stress response phenotypes. We found that cold stress survival with acclimation, cold
stress survival without acclimation, and starvation resistance declined with age and that changes
in the genetic architecture of each phenotype were consistent with MA predictions. We used a
novel test for MA and AP by calculating the additive effect of polymorphisms across ages and
found support for both MA and AP mechanisms in the age-related decline in stress tolerance.
These patterns suggest both MA and AP contribute to age-related change in stress response and

highlight the utility of association mapping to identify genetic shifts across age.
Introduction

The intensity of natural selection changes over an organism’s lifespan, having greatest
effect early in life, as individuals reach reproductive maturity, and smaller effect as organisms
age (Fisher 1930; Haldane 1941; Medawar 1952; Williams 1957; Hamilton 1966; Charlesworth
and Hughes 1996; Charlesworth 2001). Decreased effectiveness of natural selection at old age
results in the accumulation of deleterious polymorphisms in populations and leads to decline in
age-specific fitness, characteristic of senescence (Medawar 1952; Williams 1957; Hamilton

1966). Senescence is expected to negatively impact phenotypes related to fitness and is thought
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to have evolved through two non-mutually exclusive genetic mechanisms (Charlesworth 1994;
Ricklefs and Finch 1995; Bowler and Terblanche 2008). Under mutation accumulation (MA;
Medawar 1952), decreased effectiveness of natural selection over lifespan allows the retention of
deleterious polymorphisms that are only expressed later in life (Ricklefs and Finch 1995). Under
antagonistic pleiotropy (AP; Williams 1957), genes that are expressed over a wide window of an
individual’s lifespan have positive effects on fitness at young age and negative effects on fitness
at old age (Williams 1957; Ricklefs and Finch 1995; Charlesworth 2001; Maklakov et al. 2015).
Both mechanisms rely on the relaxation of natural selection later in an organism’s life but have
unique predictions for how age-dependent genetic control of phenotypes changes.

Age-related declines and the influence of the MA and AP mechanisms have been well
documented for life-history phenotypes such as mortality and fecundity (Rose 1984; Engstrom et
al. 1989; Rose et al. 1992; Charlesworth and Hughes 1996; Promislow et al. 1996; Tatar et al.
1996; Pletcher et al. 1998; Hughes et al. 2002; Snoke and Promislow 2003; Bowler and
Terblanche 2008; Durham et al. 2014), but far less is known about how stress response
phenotypes change with age (Bowler and Terblanche 2008). Stress response over an organism’s
lifespan is a critical component of fitness, and is an important modulator of lifespan (Colinet et
al. 2015). Variation in stress response can influence the persistence and evolution of populations
over short time scales, especially in variable environments (Bergland et al. 2014a). In species
that experience seasonal change in thermal regime, changes in the demographic structure of
populations can also drastically influence the ability of individuals to tolerate stressful
temperatures. For example, in Drosophila melanogaster, populations are primarily composed of
young individuals in the spring when temperatures are increasing on average and primarily of

older individuals in the fall when temperatures are decreasing on average (Behrman et al. 2015).
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Thus, measures of thermal tolerance at one point in the season therefore do not reflect the
influence of seasonal variation in age on thermal tolerance. Such shifts in the age structure of
populations coupled with age related changes in the genetic control of fitness phenotypes have
the potential to dramatically influence short- and long-term responses to environmental variation.

The MA and AP aging mechanisms make predictions about age-specific changes in
multiple quantitative genetic parameters. Under MA, genetic variance is expected to increase
with age because of the expression of age-restricted polymorphisms (Charlesworth and Hughes
1996; Charlesworth 2001; Hughes et al. 2002; Leips et al. 2006). These late acting
polymorphisms are retained in the population because the individuals that possess them have
successfully reproduced, allowing such alleles to evade natural selection (Haldane 1941;
Charlesworth 2001; Maklakov et al. 2015). Additionally, because the genetic control of the
phenotype across ages is independent, the genetic correlation of the phenotype between young
and old individuals is expected to be non-negative (Charlesworth 2001; Reynolds et al. 2007;
Maklakov et al. 2015). In contrast, under the AP hypothesis, age-related change in phenotypes is
the result of a genetic trade-off, where polymorphisms that are beneficial early in life are
detrimental late in life (Leips et al. 2006; Maklakov et al. 2015). These polymorphisms are
retained in the population because of their beneficial effects on fitness at young age
(Charlesworth and Hughes 1996; Leips et al. 2006; Maklakov et al. 2015). AP does not make
clear predictions for changes in variance components with age; however, because the same
polymorphisms are expected to influence the phenotype with opposite effects across age, the
genetic correlation across ages is expected to be negative (Charlesworth and Hughes 1996;

Hughes et al. 2002; Leips et al. 2006).
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Despite these clear predictions, the influence of MA and AP and the theory behind these
mechanisms does not fully explain age-related change in phenotypes. One reason for this is that
the signature of AP may be lost because of small effects or fixation of loci involved in AP
leading to ascertainment bias toward MA (Moorad and Promislow 2009; Maklakov et al. 2015).
Further, calculations of genetic variance and correlations are indirect metrics of age-related
change in the genetic control of phenotypes (Charlesworth 2001). In contrast, the use of
association mapping allows us to extend these predictions to more explicitly evaluate subtle
patterns predicted by the MA and AP theories of aging. Durham et al. (2014) previously used
association mapping to identify and compare polymorphisms that are associated with variation in
phenotypes measured at multiple ages. This use of association mapping can be extended in two
important ways. First, sets of associated polymorphisms can be compared between two different
phenotypes across age as well as within phenotypes across age. Second, even if sets of
significantly associated polymorphisms are non-overlapping, association mapping allows the
evaluation of age-related shifts in the additive effects of associated polymorphisms, thus
facilitating the detection of weak antagonistic effects across age or phenotypes.

As an example, consider a hypothetical phenotype measured in young and old individuals
that is associated with non-overlapping sets of polymorphisms at each age. Two different
polymorphisms are associated with the hypothetical phenotype at young age and have positive
additive effects on the young phenotype. The polymorphism that is consistent with MA will shift
from a significant positive additive effect at young age to an effect that is near zero or of the
same sign at old age. In contrast, the polymorphism that is consistent with AP will shift from a
positive additive effect at young age to a negative additive effect at old age. Thus, even though

association mapping may not detect the antagonistic polymorphism with small effect in old
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individuals, calculation of additive effects of polymorphisms across age can be used to detect
signals of AP (Fig. 2.1; Maklakov et al. 2015).

In the current study, we used a combination of association mapping and quantitative
genetic analysis to dissect the variation in age-related changes in four environmental stress
response phenotypes and tested the influence of MA and AP. To do this, we measured age-
related survival after cold-stress with acclimation and without acclimation, thermal phenotypic
plasticity, and starvation resistance in a genetically diverse D. melanogaster mapping population
from the Drosophila Genetic Reference Panel (DGRP; Mackay et al. 2012; Huang et al. 2014).
Starvation resistance and cold tolerance are quantitative genetic phenotypes, with heritable
variation existing for each (Imasheva et al. 1998; Hoffmann et al. 2005; Morgan and Mackay
2006; Bowler and Terblanche 2008; Overgaard et al. 2010; Mackay et al. 2012; Schwasinger-
Schmidt et al. 2012; Gerken et al. 2015). However, much of the previous work examining age-
related change in cold tolerance has been done in a single genotype (Czajka and Lee 1990), and
little research is available to inform how starvation resistance will change with age (but see
Colinet et al. 2015). We predicted that starvation resistance and cold tolerance (measured as
acclimation and non-acclimation survivorship) would decline with age.

Genetic variation has also been documented for various forms of thermal phenotypic
plasticity (Fallis et al. 2014; Gerken et al. 2015). Short-term acclimation through rapid cold-
hardening (acclimation score; Lee et al. 1987) is one form of plasticity that occurs when
organisms are exposed to a mild thermal stress before experiencing more stressful conditions
(Lee et al. 1987; Coulson and Bale 1990; Czajka and Lee 1990; Powell and Bale 2005; Gerken et
al. 2015). In flies and other ectothermic species, this pre-treatment usually results in increased

cold survivorship and provides a simple model of the physiological response of ectotherms as
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they respond to episodic fluctuations in temperature (Coulson and Bale 1990; Bozinovic et al.
2011; Ju et al. 2011; Huey et al. 2012; Niehaus et al. 2012). In most cases, a strong, beneficial
acclimation response is detected in young adult individuals (Powell and Bale 2005; Rajamohan
and Sinclair 2009; Ju et al. 2011; Gerken et al. 2015), but age-related changes in this form of
phenotypic plasticity have not been examined. We expected flies to lose the ability to survive
acclimation and non-acclimation cold stress at a similar rate, resulting in acclimation scores (the

difference in survival with and without cold acclimation) that would not change with age.
Methods

Fly stocks

The Drosophila Genetic Reference Panel (DGRP) was established as a set of natural
isogenic lines founded from a single population in Raleigh, NC (Table A.1; Mackay et al. 2012).
Stocks were obtained from Bloomington Stock Center and maintained at 25°C on a 12-hour
light-dark cycle on cornmeal-molasses agar sprinkled with active yeast. The number of DGRP
lines used in each experiment was determined based on logistical constraints of the experiment.
Parents of experimental flies were sorted over light CO, anesthesia and placed into vials
containing five individuals of each sex to establish the first experimental block. Females were
allowed to mate and lay eggs for three days, after which the parents were transferred to a new set
of vials. Egg laying continued in the new vials for three days to establish the second
experimental block, and then parents were discarded. Experimental flies were collected on the
third day of eclosion and sorted by sex to a density of 10 same-sex individuals per vial. Our
experimental design measured responses in “young” and “old” cohorts of flies. Young flies were
aged for 1 week (7 days) at 25°C, while old flies were aged for four weeks (28 days) at 25°C.

The “old” cohort timing was selected because this was an advanced age time point, but prior to a
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significant decline in average survivorship among lines (Ivanov et al. 2015). Previous research
has also demonstrated reduced fecundity at this age (Tatar et al. 1996; Leips et al. 2006).
Experimental flies in the “old” cohort were tipped every third day to new media until flies were
tested at 28 days.
Age-related stress responses
Cold stress responses

We measured three cold stress responses on 101 DGRP lines at young and old age (Table
A.1). We measured acclimation survival using a rapid cold hardening treatment that consisted of
a two-hour exposure to 4°C immediately prior to cold shock at -6°C for one hour (Lee et al.
1987; Gerken et al. 2015). Following cold shock, the flies were transferred to fresh media and
allowed to recover at 25°C for 24 hours (Fig. 2.2A). We also measured non-acclimation survival
by transferring flies directly (without acclimation) to -6°C for one hour (Fig. 2.2B). As with the
acclimation treatment, the non-acclimated flies were transferred to fresh media following cold
stress and allowed to recover for 24 hours at 25°C. After 24 hours, the proportion of flies that
had survived each treatment was recorded by counting the number of individuals in each vial that
were capable of coordinated movement (flying or walking). Acclimation score (or rapid cold
hardening capacity) was calculated by subtracting non-acclimation survivorship from
acclimation survivorship (Gerken et al. 2015). A total of four replicates per sex, line, age, and
cold stress treatment were measured in two experimental blocks with 10 individuals per vial
replicate.
Starvation resistance

We measured starvation resistance in 164 DGRP lines, including the 101 lines used in the

cold stress response experiments, at young and old age (Table A.1). Young and old flies were
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maintained on standard media until they were one or four weeks of age, respectively. At one and
four weeks of age, flies were transferred to starvation media (1.5% agarose) and maintained at
25°C. Vials were monitored every four hours, and average time of death per vial was recorded as
the response. A total of three replicates per sex, line, and age were measured with 10 individuals
per vial replicate.

Data analysis

Genetic variation

Genetic variation among all lines was analyzed via mixed-model ANOVA for the cold
stress responses (acclimation survivorship, non-acclimation survivorship, and acclimation score)
and starvation resistance. The model for each analysis included the main effects of age and sex,
as well as interactions, with block (for cold stress responses only) and line as random effects.
Specific effects of sex by age interactions were tested with Tukey’s HSD post hoc test, with an
experiment-wide o = 0.05.

To assess the effect of variation in rate of aging on cold stress tolerance (i.e.
physiological vs chronological cold stress phenotypes), linear regression was used to compare
the mean cold stress responses of four-week-old flies with cold stress response of flies at their
line specific Td50. However, because none of the physiologically-aged flies survived non-
acclimated cold stress, we only compared acclimation survivorship in this analysis.

Genome-wide association analysis

We used association mapping to identify regions of the genome that were significantly
associated with variation in acclimation survivorship, non-acclimation survivorship, acclimation
score, and starvation resistance. Association mapping was performed on each age and phenotype

separately, and significance was assigned at —log;o(5) (Mackay et al. 2012; Durham et al. 2014;
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Gerken et al. 2015). Shifts in genetic architecture across age and phenotype were assessed by
comparing the significant polymorphisms associated with each age-specific phenotype. We
performed gene ontology (GO) enrichment analysis using FlyMine (Lyne et al. 2007) to
determine whether specific classes of genes or pathways were overrepresented in the loci
associated with each phenotype and age.
Quantitative genetic analyses

Heritability, variance components, and genetic correlations were estimated using the
program H2boot, which applies bootstrap resampling to quantitative genetic data (Phillips 1998).
Acclimation survivorship, non-acclimation survivorship, acclimation score, and starvation
resistance for one- and four-week-old flies were treated as eight phenotypes. Data were analyzed
using a one-way ANOVA, resampling lines 10,000 times with replacement. Because DGRP lines
are inbred homozygous lines, reported heritability estimates are broad sense, and were estimated

as:

H? = o /(0F + o).

where 6/ is the among line homozygous genetic variance component, and o7 is the

environmental variance component. The coefficient of homozygous genetic variance was used to

assess the effect of age on changes in homozygous genetic variance, and was estimated as:

CVe = 100(Va?)/z,

where Z, is the phenotype mean. Genetic correlations across ages were estimated as:
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R; = 0L21,4/\/(ULZ1UL24),

where o7 4 is the covariance component of the phenotype across the two ages tested, o/; is the
among line homozygous genetic variance component of the phenotype for one-week-old flies,
and ¢, is the among line homozygous genetic variance component of the phenotype for four-
week-old flies. Variance component and genetic correlation estimates were reported as the
average of the 10,000 bootstraps, and the variation in the estimate was used to generate standard
errors for each term.

The additive effect of an allele () for associated polymorphisms was calculated as one-
half the difference in phenotypic mean of lines grouped according to homozygous genotype,

corrected for Wolbachia infection and TE insertions (Falconer and Mackay 1996; Huang et al.

2014):

a=(a; —ay)/2.
Allele class was designated as major if allele frequency exceeded 50% in the experimental
population. Standardized allele effects were calculated as the additive effect divided by the

standard deviation of the phenotype:

a=ajop.
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Evidence of MA and AP was examined four ways. First, if MA contributes to population-
level decline in a phenotype, late acting alleles will inflate CV¢ in four-week-old flies. Second, if
MA is responsible for age-specific decline in phenotypes, unique regions of the genome should
be associated with the phenotype at young and old age. Under AP, regions of the genome that are
associated with the phenotype in young and old individuals should overlap. Third, under MA, we
expect the genetic correlation between ages for each phenotype to be non-negative, due to the
expectation that the additive effects at different ages are independent (Hughes et al. 2002; Leips
et al. 2006), while under AP, we expect the genetic correlation between ages for each phenotype
to be negative because regions of the genome associated with the phenotype in young and old
individuals overlap (Charlesworth and Hughes 1996; Maklakov et al. 2015). Finally, under MA,
the additive effects of polymorphisms that are associated with a phenotype in young individuals
are expected to have additive effects on the phenotype in old individuals that are smaller but of
the same sign (Fig. 2.1), while under AP, polymorphisms associated with a phenotype in young
individuals are expected to have additive effects on the phenotype in old individuals that are of
the opposite sign (Fig. 2.1).

In addition to testing these predictions of MA and AP within each phenotype across age,
we also tested the role of MA and AP in age-related change between phenotypes. As above for
each phenotype, we assessed the level of overlap of polymorphisms and genetic correlations
between phenotypes and calculated the additive effects of polymorphisms associated with each
phenotype on every other phenotype and age measured in our study. For example, the additive
effects of polymorphisms associated with acclimation survival at one week were calculated for

both the one and four-week non-acclimation survival and starvation resistance responses.
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Tests for selection

We used the QTL sign test (QTLST) to the test the direction of the additive effects of
associated polymorphisms identified through association mapping. The QTLST was developed
by Orr 1998 to determine whether the signs of QTL effects were indicative of directional
selection acting on a phenotype. The probability for rejecting the null hypothesis that selection

does not influence the phenotype was calculated as in Orr (1998):

P=30,. . Prin,=i25G, 2 R},

In this study, we treated n as the number of associated polymorphisms detected for each
phenotype, nobs as the number of these polymorphisms that had a positive additive effect, and G
as a vector of all additive effects. Because association mapping does not involve generation of a
mapping population from distinct lines, R was simply the standard deviation of the phenotype of
the population. An exponential distribution of the polymorphism effects was assumed in our
adaptation of this model as in applications of QTLST to QTL data. Because QTLST is sensitive
to high variance among additive effects, we also performed the QTLST-EE, which assumes that
each of the additive effects are equal in magnitude (Anderson and Slatkin 2003; Rice and
Townsend 2012). Analyses were done in R using code adapted from Muir et al. (2014)

(Wickham 2009; Hope 2013; Muir et al. 2014; R Core Team 2015).

Results

Phenotypic responses
All phenotypes measured in this study were variable across ages, lines, and sexes (Fig.

2.3; Table 2.1). Two-way interactions among these effects were also significant, except for age
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by sex in non-acclimation survival (Table 2.1). The three-way interaction between age, line, and
sex explained a significant amount of variation for acclimation survival and starvation resistance
as well (Table 2.1). On average, acclimation and non-acclimation survival and starvation
resistance decreased with age as expected (Fig. 2.3A, D, J; Table 2.1). However, age-related
decline was stronger in non-acclimation survival compared to acclimation survival, resulting in
an average acclimation score that increased significantly with age (Fig. 2.3G; Table 2.1). When
the sex-specific cold tolerances were analyzed, male flies maintained their capacity to survive the
acclimation treatment across age (Fig. 2.3B; adj. P = 0.64). However, this maintenance across
age was not observed in the non-acclimation treatment (Fig. 2.3E; adj. P < 0.001). In females,
flies tended to lose the survival capacity at an equal rate for both acclimation and non-
acclimation treatments (Fig. 2.3B, E). As a result of these sex-specific age-related responses,
female acclimation score did not change with age (adj. P = 0.46; Fig. 2.3H), but male
acclimation score increased (adj. P < 0.001). Thus, the population-level increase in acclimation
score was likely driven by retention of cold tolerance in the acclimated male flies. Post hoc
comparisons of sex-specific starvation resistance revealed that the age-related average decrease
in starvation resistance was primarily driven by a significant decrease in resistance in females
(adj. p <0.001; Fig. 2.3K).

Genotype-specific responses for each phenotype were highly variable (Fig. 2.3, right
column; Table A.2); an age-related increase in stress resistance was observed for some lines,
while responses in other lines remained constant or decreased (Fig. 2.3, right column; Table 2.1).
Negative acclimation scores were obtained for several lines screened at one week of age,
suggesting that the acclimation treatment had a detrimental effect on survival; however, the vast

majority of lines responded positively to this treatment (Fig. 2.31). When screened at four weeks,
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the negative acclimation effect largely disappeared as only two lines had acclimation scores
below 0. This change in the pattern of cold tolerance with age may have important implications
for the role of plasticity in maintaining stress response with age.
Variation in senescence

To assess the relationship between chronological and physiological age, we measured
acclimation survival, non-acclimation survival, and acclimation score on ten randomly selected
lines from the DGRP (Table A.1). Non-acclimation survival of physiologically-aged flies was 0
in all lines, so only acclimation survival was compared between the physiologically-aged (Td50)
flies and the chronologically-aged (four-week-old) flies. The average acclimation survival of the
ten lines selected for the physiological aging experiment was comparable to that of the 101 lines
(Table 2.2). The average proportion survived following acclimation for one-week old flies from
the ten lines was 74.0 + 8.1 S.E. compared to 63.4 + 1.1 S.E. in 101 lines, while the average
proportion survived following acclimation in four-week old flies was 52.2 + 9.9 S.E. compared
to 55.2 £ 1.2 S.E. in 101 lines. Regression analysis indicated that acclimation survival measured
in four-week old flies was a good predictor of acclimation survival in flies that reached a similar
physiological age (R = 0.83; P < 0.003; Fig. 2.4; Table 2.4). While longevity does vary among
DGREP lines, variation in lifespan did not significantly alter the rank order of acclimation survival
among the lines. This suggests that variation in longevity among the DGRP lines does not
influence the age-related change in detected in phenotypes between young and old flies.
Genetic architecture

In one-week-old flies, association mapping identified 24 polymorphisms and 23 genes
associated with acclimation survival, 22 polymorphisms and 14 genes associated with non-

acclimation survival, 45 polymorphisms and 23 genes associated with acclimation score, and 20
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polymorphisms and 9 genes associated with starvation resistance (Table 2.3). In four-week-old
flies, association mapping identified 31 polymorphisms and 28 genes associated with acclimation
survival, 69 polymorphisms and 48 genes associated with non-acclimation survival, 26
polymorphisms and 6 genes associated with acclimation score, and 27 polymorphisms and 22
genes associated with starvation resistance (Table 2.31). Surprisingly, no polymorphisms or
genes were shared within phenotype across age or between phenotypes (Fig. 2.5; Table A.3).
Several polymorphisms were associated with genes that have been previously associated
with cold-, starvation-, or age-related phenotypes, and were distributed across the phenotypes
measured in this study (Table A.3 and references therein). Out of all genes identified in our study
(Table 2.3, Table A.3), 54 have been previously associated with cold acclimation or with a cold-
sensitive phenotype in Drosophila, 18 have been previously associated with starvation response
or stress, and 59 have been previously associated with aging or lifespan. For example, Cht2,
involved in chitin binding, has been previously associated with cold acclimation response
(MacMillan et al. 2016) and was associated with four-week starvation resistance in this study.
Meltrin, associated with one-week starvation resistance in our study, has been previously
associated with cold acclimation response and age-specific fitness (Durham et al. 2014;
MacMillan et al. 2016). CG10916, associated with four-week non-acclimation survival in our
study, has previously been associated with determination of adult lifespan as well as cold
acclimation (Paik et al. 2012; Vermeulen et al. 2013; MacMillan et al. 2016). Several genes (28)
were also associated with oxidative stress resistance, which has been associated with aging and
senescence (Schwarze et al. 1998). For example, decay, rg, and Pdelc have been previously
associated with oxidative stress and were associated with four-week acclimation survival or one-

week non-acclimation survival in our study (Table A.3). Additional details describing the
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function of each gene and associated references are listed in Table A.3. Despite the previous
reporting of genes that are associated with aging or stress phenotypes, no gene ontology (GO)
categories were overrepresented following enrichment analysis.
Evolutionary theories of aging and the decline in stress response
Shifting genetic architecture within phenotypes across age

Each phenotype was associated with a unique set of polymorphisms across age and
among phenotypes (Table 2.3, Fig. 2.5, Table A.3). Thus, the lack of overlap of associated
polymorphisms across age within phenotypes suggests the genetic architecture shifted and that
genetic control of the phenotypes was age-specific. MA not only predicts that associated
polymorphisms at each age are unique, but also that associated polymorphisms have positive
additive effects in young individuals that remain positive or approach 0 in older individuals.
Conversely, AP predicts associated polymorphisms with positive additive effects on a phenotype
in young individuals will have negative additive effects on a phenotype in old individuals. We
calculated the additive effects of all significantly associated polymorphisms for the stress
response phenotypes that declined with age (acclimation survival, non-acclimation survival, and
starvation resistance; Fig. 2.6) for the one- and four-week response. When additive effects of the
associated polymorphisms in one-week-old flies were calculated for the same phenotype in four-
week-old flies, the additive effects were either closer to 0 or of the same sign (i.e. not
antagonistic; Fig. 2.6; Table 2.4). The reverse comparison resulted in the same pattern; for
example, additive effects of four-week acclimation survival polymorphisms on one-week
acclimation survival were smaller and closer to 0 than the additive effects of four-week
acclimation survival polymorphisms on four-week acclimation survival (Fig. 2.6; Table 2.4).

This pattern of unique associated polymorphisms and additive effects that decrease with age was
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observed for each of the phenotypes that declined with age (starvation resistance, acclimation
survival, and non-acclimation survival) and is consistent with MA.

MA also predicts that, for phenotypes that decline with age, the coefficient of genetic
variance (CVg) will increase with age and that the genetic correlation between the phenotype in
young individuals with the phenotype in old individuals will be non-negative (either not different
from 0 or positively correlated). While AP does not have predictions specific to the coefficient of
genetic variance (Partridge and Barton 1993; Houle et al. 1994), AP does predict a negative
genetic correlation between the phenotype in young individuals and in old individuals. Variance
component analysis provided further support for MA for each phenotype. We observed increase
in CVg for each phenotype, although the increase was slight for starvation resistance (CVg, young
= 13.51 versus CVg, oq 14; Table 2.3, Table 2.5). Also consistent with MA predictions, genetic
correlations for each phenotype across age were either significantly positive (acclimation
survival: Rg = 0.70 £ 0.3 S.E.; starvation resistance: Rg = 0.69 + 0.3 S.E.), or not statistically
different from O (non-acclimation survival: Rg = 0.43 £ 0.3 S.E.; Table 2.6). The lack of negative
genetic correlations for each phenotype between young and old individuals combined with the
increase in the coefficient of genetic variance with age provides additional evidence that supports
the MA mechanism.

Shifting genetic architecture between phenotypes with age

Comparisons of associated polymorphisms for each phenotype measured in this study
demonstrated unique genetic architecture for each phenotype across age. However, the lack of
overlap in associated polymorphisms does not necessarily mean that the polymorphisms detected
for each phenotype do not influence variation in other phenotypes at other ages, but rather that

the additive effect was too small to be detected by association mapping. Polymorphisms
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associated with one phenotype (e.g. one-week acclimation survival) may have small but
important additive effects on other phenotypes (e.g. four-week starvation resistance), and if this
is the case, the interpretation is similar to the comparison of additive effects within phenotypes
across age reported above (e.g. Fig. 2.1). If the additive effect is close to 0 and of the same sign,
this supports the MA mechanism; if the additive effect is different from 0 and of the opposite
sign, this supports the AP mechanism (Fig. 2.1).

To test for the presence of pleiotropic effects of associated polymorphisms on other
phenotypes measured in this study, we calculated the average standardized additive effect of
associated polymorphisms for each phenotype on every other phenotype and age (Fig. 2.6; Table
2.4). For example, the additive effects of the set of associated polymorphisms with acclimation
survival in one-week-old flies were calculated for one- and four-week non-acclimation survival
and one- and four-week starvation resistance (Fig. 2.6A). Confidence intervals were used to
determine if the calculated average additive effects were different from 0 (Table 2.4).

Approximately half of the calculated average effects were not different from 0 (55.6%),
and 27.8% of the comparisons resulted in average effects with a sign opposite that of the average
effect of the polymorphisms in the phenotype with which they were significantly associated
(suggesting an antagonistic relationship; Table 2.4). The antagonistic effects of polymorphisms
between phenotypes were often, but not always, reciprocal (Fig. 2.6). For example,
polymorphisms associated with one-week acclimation survival had an average antagonistic
additive effect on starvation resistance at both ages (Fig. 2.6A), while polymorphisms associated
with four-week starvation resistance had an average antagonistic additive effect on only one-
week acclimation survival (Fig. 2.6F). In an aging context, evidence from additive effect

comparisons support both AP and MA across age, depending on the phenotypes being compared;
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however, MA was more common based on apparent independence of additive effects (average
additive effects were not different from 0).

Phenotypes that appeared to be antagonistically pleiotropic such that polymorphisms
increased the phenotype in young flies but decreased the phenotype in old flies include
acclimation survival and starvation resistance (Fig. 2.6A, B, F) and non-acclimation survival and
starvation resistance (Fig. 2.6C, D, F). Polymorphisms associated with one-week starvation
resistance did not have an antagonistic effect on average on any other phenotype, although
several individual polymorphisms did have antagonistic effects on other phenotypes (Fig. 2.6E;
Table 2.4). The antagonistic relationship between one-week acclimation survival and four-week
starvation resistance was further supported by a significant negative genetic correlation between
traits across ages (Rg = -0.47 = 0.2 S.E.; Table 2.6). However, all other combinations of
phenotypes involved effects and genetic correlations that were not different from 0 (Fig. 2.6;
Table 2.4, 2.6), and were thus more consistent with the predictions of MA.

Evidence of selection and phenotypic trade-offs

With the exception of acclimation score, the additive effects of the majority of
polymorphisms significantly associated with the phenotypes measured in our study were of the
same sign (i.e. most additive effects were positive or negative; Fig. 2.6 and 2.7, Table A.3). To
determine if more additive effects of positive sign were associated with the phenotype than
expected by chance, we used the QTLST to test for evidence of selection. More positive additive
effects than expected by chance were observed for one-week acclimation survival, non-
acclimation survival, and acclimation score suggesting selection increased these phenotypes in
the founding population of the DGRP (Fig. 2.6 and Fig. 2.7A, C, E). The QTLST was also

significant for four-week acclimation survival, non-acclimation survival, and both one- and four-
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week starvation resistance, suggesting selection has acted to decrease these phenotypes (Fig. 2.6
and Fig. 2.7B, D, G, H). However, because the effectiveness of natural selection is expected to
decline with age, this significant result is likely the result of a correlated response resulting from
selection on young phenotypes. The signs of the additive effects of polymorphisms associated
with acclimation score in four-week-old flies were more mixed than any other phenotype,
leading to a non-significant QTLST for this phenotype (Fig. 2.6 and Fig. 2.7F).

Discussion

Genetic variation in age-specific decline in stress tolerance

As expected, the average phenotypic responses for most phenotypes declined with age,
with the exception of plasticity measured as acclimation score (Fig. 2.3). For each phenotype, we
observed significant genetic variation across ages, with some genotypes exhibiting increased
stress resistance with age. We investigated variation in longevity among DGRP lines by
comparing cold tolerance responses measured at four weeks to those in physiologically aged flies
at the point when the population reached Td50. We know that lifespan for virgin female flies
varies from approximately 20 days to approximately 80 days in the DGRP (Ivanov et al. 2015).
This variation could result in an inequivilence of line comparisons at four weeks. Based on
Ivanov et al. (2015) longevity estimates, some lines may be only half way through their lifespan
while others may be closer to the end of their lifespan at four weeks of age. Furthermore, genetic
shifts known to be associated with senescence would be further advanced in lines that age more
quickly (Pletcher et al. 2002). The significant positive correlation in acclimation survival
between chronologically aged (four-week) flies and physiologically aged (Td50) flies suggests
that, despite variation in the rate of senescence among lines, the four-week point is representative

of how an “old” fly responds to cold stress. Additionally, this subset of the DGRP lines reached
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Td50 well after four weeks of age (Table 2.2), indicating that the four-week aging period does
not lead to many lines entering a late-life plateau in mortality and that our lines were likely in the
aging phase (Charlesworth 2001; Curtsinger 2016).

The only phenotype in our study that behaved unexpectedly and did not decline with age
was plasticity measured as acclimation score. Acclimation score was significantly higher in four-
week-old flies (Fig. 2.3G), where we expected this phenotype to remain constant across age. The
age-related response in acclimation score was driven by the male response. Four-week-old male
flies had a stronger age-related decline in non-acclimation survival compared to acclimation
survival. Therefore, the observed increase in acclimation score for our population has at least two
interpretations. First, plasticity at the population level may increase with age, potentially as a
compensatory mechanism to overcome the overall loss of basal cold tolerance (Fig. 2.3F).
Throughout the season, natural populations of D. melanogaster are expected to be composed of
increasingly old individuals such that by the time temperatures begin to cool at the beginning of
the fall season, a greater proportion of populations is composed of older individuals (Behrman et
al. 2015). If older individuals are less cold tolerant, they may still be able to tolerate cold
temperature exposures through increased capacity for adaptive plasticity through acclimation.
Second, acclimation pretreatment appears to have had a less detrimental effect on survival in
four-week-old flies compared to one-week-old flies (Fig. 2.31). In one-week-old flies,
acclimation improved survival in the majority of lines; however, several lines (14%) had
negative acclimation scores, indicating that exposure to 4°C prior to the -6°C exposure was more
damaging than the -6°C exposure alone (Fig. 2.3I; Gerken et al. 2015). Only 2% of lines tested
had negative acclimation scores at four weeks suggesting that acclimation may be more likely to

either improve or not affect survival following cold stress at four weeks. Shifts in the effect of
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acclimation on survival were observed when genotypes were reared under different
developmental conditions or experienced altered thermal regimes (Kelty and Lee 2001; Gerken
et al. 2015); our results suggest that the age of the individual has an important influence on the
effect of acclimation on survival as well.
MA describes age-related change within individual phenotypes

When each phenotype was considered separately across age, we found support for MA,
satistfying predictions based on analysis of quantitative genetic parameters (Charlesworth and
Hughes 1996; Charlesworth 2001; Hughes et al. 2002; Leips et al. 2006; Reynolds et al. 2007).
First, the coefficient of genetic variance increased with age for each phenotype (Table A.1). The
increase in CVg in starvation resistance was less drastic than other phenotypes, but when sexes
were analyzed separately, the increase was more dramatic (Table 2.7). An increase in CVg
indicates that a greater proportion of the phenotypic variance can be explained genetically at four
weeks of age (Houle et al. 1994; Charlesworth and Hughes 1996; Charlesworth 2001) and this
increase is consistent with the hypothesis that the age-related decline in the phenotype is the
result of the accumulation of deleterious age-specific polymorphisms that influence variation in
the phenotype (Engstrom et al. 1989; Charlesworth and Hughes 1996; Charlesworth 2001).

Second, MA predicts that a phenotype is controlled by unique sets of genes across age
(Medawar 1952; Rose 1991; Partridge and Barton 1993; Charlesworth 1994, 2001; Charlesworth
and Hughes 1996; Maklakov et al. 2015). We detected unique sets of polymorphisms that were
associated with each phenotype across age. This is consistent with age-specific association
patterns presented by (Durham et al. 2014) who determined age-related change in fecundity was
also influenced by MA. The genetic independence of phenotypes across age was further

supported by the non-significant or significantly positive genetic correlations for each phenotype

61



across age (Table 2.6). While positive genetic correlations suggest that the genetic control of the
phenotype across age is not independent (inconsistent with MA), Charlesworth (2001) and
Maklakov et al. (2015) suggest that positive pleiotropy can lead to significantly positive genetic
correlations across age under MA.

Positive pleiotropy (Maklakov et al. 2015) expands on MA predictions in that, instead of
limiting polymorphisms to very narrow windows of effect, polymorphisms can influence a wider
window of ages but with lower additive effects (Maklakov et al. 2015). Thus, the positive genetic
correlations across age are the result of the associated polymorphisms having a slightly wider
window of age-specific effects that ultimately influence the phenotype at other ages. This pattern
was observed for acclimation and non-acclimation survival and starvation resistance across age;
for all phenotypes, the four-week associated polymorphisms had negative additive effects on the
one-week phenotype that were smaller than the effect of the polymorphisms on the four-week
phenotype. This suggests that four-week polymorphisms that led to decline in each phenotype do
have small pleiotropic effects (in the same direction) at one week of age. The failure of natural
selection to remove polymorphisms that have small negative effects early in life and larger
negative effects later in life is one way in which senescence can evolve and is consistent with
expectations of positive pleiotropy under MA (Wachter et al. 2013, 2014; Maklakov et al. 2015).

Our third piece of evidence to support MA comes from our novel approach of calculating
the additive effects of polymorphisms across age. We calculated the additive effects of
polymorphisms associated with the one-week phenotype in the four-week phenotype data (and
vice versa). Under MA, we expected the additive effect of the one-week polymorphisms to be
smaller and in the same direction (i.e. they have the same sign) when the additive effects were

calculated for the four-week response data (Maklakov et al. 2015). If the sign of a particular
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polymorphism had flipped (a polymorphism with a positive effect in one age had a negative
effect in the other age), this would have suggested that an antagonistic relationship existed and
would have supported AP (Maklakov et al. 2015). For all phenotypes, the calculated additive
effects of age-specific polymorphisms across age were either closer to 0 and/or in the same
direction, providing definitive support for the role of MA in the age-related decline in the stress
responses measured (Fig. 2.6).
MA and AP describe age-related variation between phenotypes

Our novel extension of association mapping through the calculation of additive effects of
polymorphisms across phenotypes allowed us to investigate the role MA and AP on age-specific
responses between phenotypes as well. Though each phenotype and age was associated with a
unique set of polymorphisms (consistent with predictions for MA), we found support for AP
between several phenotypes (Fig. 2.6). We observed a significantly negative phenotypic
correlation between one-week acclimation survival and both one- and four-week starvation
resistance, corroborating a pattern reported by Hoffmann et al. (2005) (Table 2.6). We also
observed a significantly negative genetic correlation between one-week acclimation survival and
four-week starvation resistance (Table 2.6), suggesting that AP (between one-week acclimation
survival and four-week starvation resistance) influenced age-related change in these phenotypes.
When the additive effects of polymorphisms associated with four-week starvation were
calculated for both one-week cold tolerance phenotypes (Table 2.4), all four-week starvation
resistance associated polymorphisms, which had negative additive effects on four-week
starvation resistance, had positive additive effects on one-week acclimation survival and one-
week non-acclimation survival (Fig. 2.6F). The change in sign of the additive effects of four-

week starvation resistance associated polymorphisms on both of the one-week cold tolerance
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phenotypes is strong evidence to support the role of AP in age-related decline in starvation
resistance.

Additional examples of AP existed between phenotypes in our data as well and were
identified through confidence interval analysis of additive effects (Fig. 2.6; Table 2.4).
Specifically, one-week acclimation and non-acclimation survival polymorphisms had positive
effects on their respective phenotypes across age but negative additive effects on four-week
starvation resistance (Fig. 2.6A — D; Table 2.4). This pattern is consistent with that discussed
above and again suggests that age-related change in starvation resistance is influenced by AP
with cold tolerance. Interestingly, four-week acclimation and non-acclimation survival
polymorphisms had largely positive additive effects on one-week starvation resistance (Fig.
2.6B, D; Table 2.4). This pattern suggests that AP may also be contributing to age-related
decline in acclimation and non-acclimation survival. With evidence from our examination of
acclimation and non-acclimation survival across age (discussed above), and the apparent role of
MA and positive pleiotropy for age-related change within these phenotypes, it is evident that it
may not be possible to fully disentangle the roles of MA and AP on the age-related decline in
phenotypes. In essence, polymorphisms that increase one phenotype in young individuals and
decrease another phenotype in old individuals through AP may also contribute to age-related
change within the phenotype through positive pleiotropy under MA. These results demonstrate
the need for caution in interpreting the lack of overlap in significant associated polymorphisms
as support for MA in isolation of other evidence because AP may still be playing an important
role in the age-related change in phenotypes.

We also found support for the role of MA between phenotypes across age. Age-related

change in acclimation survival and non-acclimation survival appears to be evolving largely
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independently of the other phenotype under MA as we found either non-significant or
significantly positive phenotypic and genetic correlations between all age combinations of these
phenotypes (Table 2.4, 2.6). The calculated additive effects of polymorphisms between
phenotypes and ages uphold this interpretation to a large degree as well (Fig. 2.6A — D; Table
2.4). One-week acclimation survival polymorphisms, which had positive effects on one-week
acclimation survival, all had positive additive effects when calculated for both one- and four-
week non-acclimation survival (Fig. 2.6A). On average, additive effects of polymorphisms
associated with four-week acclimation survival had additive effects that were not different from
zero, although some individual polymorphisms did have antagonistic effects on one- and four-
week non-acclimation survival. All but two polymorphisms associated with one-week non-
acclimation survival had additive effects of the same sign on one- and four-week acclimation
survival, and all polymorphisms associated with four-week non-acclimation survival had
additive effects of the same sign on one- and four-week acclimation survival. While the small
number of individual polymorphisms with antagonistic additive effects across phenotype may
impact age-related change in these cold tolerance phenotypes, it likely that this impact is small in
comparison to the role of MA and positive pleiotropy.
Natural selection shapes phenotypic variation across age

Our data recapitulate previously reported relationships between different measures of
cold tolerance and starvation resistance (Table 2.6; Hoffmann et al. 2005; Sinclair and Roberts
2005; Gerken et al. 2015); however, we have added another layer to these relationships by
considering the influence of age and natural selection on these phenotypes. Specifically, the
direction of the additive effects of polymorphisms associated with each phenotype may reflect

the role natural selection has played in the evolution of the phenotype. Through applying a basic
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sign test (QTLST probabilities) to the additive effects of the associated age-specific
polymorphisms, it is evident that the signs of the effects are not randomly associated with the
frequency of the allele (Fig. 2.7A — E, G, H). If a phenotype is evolving neutrally,
polymorphisms that influence the phenotype are equally likely to have positive or negative
effects (Orr 1998; Anderson and Slatkin 2003; Rice and Townsend 2012). Signatures of
directional selection are detected when this null hypothesis is rejected (Orr 1998; Rieseberg et al.
2002; Anderson and Slatkin 2003; Rice and Townsend 2012; Muir et al. 2014). Because we
observed an overabundance of major alleles with positive effects on one-week acclimation and
non-acclimation survival, this suggests that natural selection favored polymorphisms that
increase cold tolerance phenotypes in the population from which the DGRP was established (Fig.
2.6A, C and 2.7A, C; Table A.3). This finding is consistent with evidence of selection for cold
tolerance in natural populations of D. melanogaster (Bergland et al. 2014a), as well as previous
reports of majority positive additive effects of polymorphisms associated with chill coma
recovery (Mackay et al. 2012).

Conversely, most of the polymorphisms associated with cold tolerance at four weeks of
age were negative (Fig. 2.6B, D), indicating that the major alleles decreased survival following
cold stress. While the QTLST was significant for these late-acting polymorphisms, it is very
unlikely that natural selection directly led to this pattern. Instead, polymorphisms associated with
acclimation and non-acclimation survival in old individuals likely arose through mutation and
were maintained in the population because their negative effect on survival in young individuals
was small relative to the four-week additive effects (Houle et al. 1994; Charlesworth 2001;
Maklakov et al. 2015; Fig. 2.6B, D). Similarly, in both young and old individuals, most of the

additive effects of starvation resistance associated polymorphisms were negative (Fig. 2.6E, F).
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This pattern suggests that age-related change in starvation resistance is influenced by positive
selection on acclimation and non-acclimation survival in young individuals. Alternatively, the
effectiveness of natural selection on starvation resistance may be constrained by pleiotropy
between one-week acclimation survival and one-week starvation resistance (many one-week
acclimation and non-acclimation polymorphisms had negative effects on one-week starvation
resistance; Fig. 2.6A, C). Some positive selection on starvation resistance in young individuals
may provide a mechanism for the retention of four-week acclimation and non-acclimation
survival associated polymorphisms that have increasingly negative effects with age.
Implications for evolutionary theories of aging

Efforts to more fully understand and test evolutionary theories of aging have encouraged
expansion and clarification of predictions of both MA and AP mechanisms (Houle et al. 1994;
Charlesworth 2001; Reynolds et al. 2007; Wachter et al. 2013, 2014; Maklakov et al. 2015). Our
novel extension of existing methods not only revealed the relative importance of MA and AP for
age-related change in stress response, but also verified recent hypotheses that present expansions
on the theory of MA. When originally formulated, the MA mechanism predicted that fitness was
controlled by polymorphisms that had very narrow windows of effect (Medawar 1952; Rose
1991; Charlesworth and Hughes 1996), but evidence from several studies has indicated that it is
more likely that polymorphisms which contribute to late-life decline in fitness and age-related
change in phenotypes have wide windows and increasingly large effects across age (Houle et al.
1994; Charlesworth 2001; Maklakov et al. 2015). Patterns of additive effects of associated
polymorphisms identified in our study align well these elaborations of MA predictions and
provide empirical support for positive pleiotropy. In addition, we provide evidence supporting

the potential for positive genetic correlations between young and old phenotypes under MA,
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demonstrating through patterns of additive effects of polymorphisms that, while the size of the
effect may change across age, the direction of the effect is often preserved (Reynolds et al. 2007;
Maklakov et al. 2015).

Our use of calculated additive effects also allowed us to overcome difficulties in
characterizing the role of AP in age-related change in phenotypes. The isolated analysis of the
coefficient of genetic variance and genetic correlation is problematic because the signature of AP
may be too small to detect due to near fixation of segregating alleles at the antagonistic loci
(Schnebel and Grossfield 1988; Partridge and Barton 1993; Moorad and Promislow 2009). For
this reason, association mapping may be particularly biased against the detection of AP loci.
However, by comparing the effects of polymorphisms calculated for each age and phenotype
pair, we are able to overcome this bias against polymorphisms that have small effects.

Very few studies present convincing evidence of the influence of both MA and AP on
age-related change within and among phenotypes (but see Leips et al. 2006), but we have
demonstrated that both mechanisms contribute to age-related change in stress response. It is clear
from our results that individual polymorphisms that are significantly associated with phenotypes
at different ages can contribute to age-related decline within and among phenotypes in patterns
that are consistent with both MA and AP. Thus, the evolution of senescence and associated
decline in fitness is influenced by a combination of natural selection acting on correlated
phenotypes that have non-independent antagonistic genetic architectures, as well as the
accumulation of polymorphisms with negative effects that strengthen with age. It is likely that
similar patterns will be observed for other phenotypes related to fitness as well, adding to our

understanding of how evolution of aging and multivariate evolution are tightly intertwined.
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Figure 2.1 An example of how calculated additive effects (at/o,) of polymorphisms identified
through association mapping can be used to characterize the role of mutation accumulation (MA)
and antagonistic pleiotropy (AP) on the age-related change in hypothetical phenotype X. Two
polymorphisms that are associated with phenotype X in young individuals (X,ousg) but not in old
individuals (X,z). The additive effects of the associated polymorphisms at young ages are
represented by the closed symbols. The open symbols indicate the additive effects of Xung
polymorphisms on the phenotype at old age (X,;7). The polymorphism connected with a solid line
demonstrates the shifting effect across age consistent with MA, where the polymorphism has a
small additive effect of the same sign (positive) on the phenotype at old age (X,.) as the effect of
the polymorphism on Xj,,,. The polymorphism connected with a dashed line illustrates an AP
pattern, where the polymorphism has an additive effect that is of the opposite sign (negative) on
Xoid compared to the effect of the polymorphism on Xyoung.-
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Figure 2.2 Graphical representation of treatments: acclimation (A) and non-acclimation
treatment (B). Flies were maintained at 25°C during rearing and recovery, and lights on occurred
at 07:00hrs. A. Flies were transferred from 25°C to 4°C for two hours for the acclimation (AC)
treatment and then were transferred immediately to -6°C for one hour for the cold shock
treatment (CS). Flies were placed on fresh media and allowed to recover for 24 hours at 25°C. B.
Flies were transferred to -6°C for one hour for the cold shock treatment (CS) and were allowed

to recover at 25°C for 24 hours on fresh media.
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Figure 2.3 Plots of mean phenotypes across age are shown with 95% CI for the total population
(left column) and by sex (middle columns); among-line variation observed for each phenotype is
shown as line averages (right column). A. Average acclimation survival declined significantly
with age (F 212 = 49.5, P < 0.001). B. Males retained their ability to survive the acclimation
treatment, while acclimation survival significantly declined in females (age by sex: Fy 20 =
28.9, P < 0.001). C. Acclimation survival significantly varied among the 101 DGRP lines (age
by line: Fpp,212 = 3.21, P < 0.001). D. Average non-acclimation survival declined significantly
with age (F; 22 = 215.4, P <0.001). E. Non-acclimation survival significantly declined in both
females and males to a similar degree (age by sex: F; 2,2 =1.98, P=0.16). F. Non-acclimation
survival significantly varied among the 101 DGRP lines (age by line: Fpg, 2,2 = 5.88, P <0.001).
G. Average acclimation score increased significantly with age (F; ;2,2 = 25.13, P < 0.001). H.
Acclimation score significantly increased in males, but remained consistent across age for
females (age by sex: F 212 = 8.68, P <0.01). I. Acclimation score significantly varied among
the 101 DGRP lines (age by line: Fipp 212 = 3.18, P < 0.001). J. Average starvation resistance
decreased significantly with age (F;653 = 893.0, P < 0.001). K. Starvation resistance
significantly decreased in both sexes, but to a larger degree in females (age by sex: Fj 523 =
567.0, P < 0.001). L. Starvation resistance significantly varied among the 164 DGRP lines (age
by line: Fi63.1623= 6.0, P< 0001)
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Figure 2.4 Physiological versus chronological age. Stress tolerance of 4-week-old flies was
correlated with stress tolerance of flies that were a similar physiological age (Td50). Acclimation
and non-acclimation survival was measured for 10 DGRP lines that were aged to four weeks
(chronological age) and until populations in experimental vials reached 50% of the starting
population (physiological age). Physiologically-aged flies did not survive the non-acclimation
treatment. Acclimation survival in four-week old flies is a good predictor of acclimation survival
in flies that are approximately the same physiological age (R = 0.833, P < 0.003). Points shown
indicate average acclimation survival for the 10 DGRP lines.
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Figure 2.5 Manhattan plots of each phenotype. The significance threshold is indicated by the
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Figure 2.6 Standardized additive effects (o / o,) of polymorphisms associated with each
phenotype across age (A — F). In each plot, black solid points indicate which age and phenotype
the polymorphisms were significantly associated with. Open points indicate the calculated
additive effects of those polymorphisms on each of the other phenotypes. The light grey shading
highlights the ‘within phenotype’ change in the additive effect of polymorphisms across age.
Darker grey shading highlights ‘between phenotype’ comparisons where antagonistic effects of
polymorphisms were found based on analysis of 95% confidence interval around the average
additive effect (Table B.6). Unshaded sections of each plot indicate calculated additive effects
that are consistent with MA relative to the additive effects of the polymorphisms on their
associated phenotype. In each plot, AC indicates acclimation survival, CS indicates non-
acclimation survival, and S indicates starvation resistance. A. Polymorphisms associated with
acclimation survival of one-week-old flies all had positive additive effects on the phenotype that
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became smaller when the additive effects were calculated for four-week-old acclimation survival
and non-acclimation survival of one- and four-week-old flies. Polymorphisms had antagonistic
effects on starvation resistance at both ages. B. Polymorphisms associated with acclimation
survival of four-week-old flies had smaller additive effects on every other phenotype except one-
week starvation resistance, where the effects were largely antagonistic. C. Polymorphisms
associated with non-acclimation survival of one-week-old flies had smaller additive effects on
every other phenotype except four-week starvation resistance, where the effects were largely
antagonistic. D. Polymorphisms associated with non-acclimation survival of four-week-old flies
had smaller additive effects on every other phenotype except starvation resistance at both ages,
where the effects were largely antagonistic. E. Polymorphisms associated with one-week
starvation resistance had smaller additive effects on every other phenotype. F. Polymorphisms
associated with four-week starvation resistance had antagonistic effects on every other
phenotype except acclimation survival in four-week-old flies and starvation resistance in one-
week-old flies.
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Figure 2.7 Plots of allele frequency (p — q) against the effect of significant polymorphisms
reflected as change in phenotype (dz). Inset numbers are QTLST probabilities that directional

selection influenced the phenotype.
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Table 2.1 Mixed-model ANOVA testing the effect of DGRP line, age, and sex on each
phenotype measured.

Trait Source df MS SS F P
Age 1 2.72 2.72 49.50 <0.001
Line 100  62.80 0.63 11.40 <0.001
Sex 1 2.66 2.66 48.40 <0.001
Acclimation Age x Line 100  17.60 0.18 321  <0.001
Age x Sex 1 1.59 1.59 2890 <0.001
Line x Sex 100  17.40 0.17 3.17  <0.001
Agex Linex Sex 100  13.00 0.13 237  <0.001
Residuals 1212 0.06 67.38
Age 1 10.60 10.60 215.40 <0.001
Line 100  55.70 0.56 11.30 <0.001
Sex 1 0.50 0.50 1020 <0.01
Non- Age x Line 100 29.00 0.29 5.88  <0.001
Acclimation ~ Age x Sex 1 0.10 0.10 1.98 0.16
Line x Sex 100 7.63 0.08 1.55 <0.001
Agex Linex Sex 100 5.86 0.06 1.19 0.11
Residuals 1212 0.05 60.50
Age 1 2.60 2.60 25.13 <0.001
Line 100  61.75 0.62 597 <0.001
Sex 1 0.85 0.85 8.19 <0.01
Acclimation ~ Age x Line 100  32.90 0.33 3.18 <0.001
Score Age x Sex 1 0.90 0.90 8.68 <0.01
Line x Sex 100  14.43 0.14 1.40 <0.01
Agex Linex Sex 100 11.94 0.12 1.16 0.15
Residuals 1212 0.10 125.40
Age 1 29559 29559 893 <0.001
Line 163 224084 1375 42 <0.001
Sex 1 219551 219551 6632 <0.001
Starvation Age x Line 163 32158 197 6 <0.001
Resistance Age x Sex 1 18756 18756 567  <0.001
Line x Sex 163 63716 391 12 <0.001
Agex Linex Sex 163 20806 128 4 <0.001
Residuals 1623 33 53732
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Table 2.2 Average acclimation and non-acclimation % (S.E.) survival for 10 DGRP lines at four
weeks (chronological age) and Td50 (physiological age).

Chronological Age Physiological Age
Line Age AC CS Age AC CS
RAL 304 4 wks 97.2(1.9) 50.2 (13.4) 72.5 days  48.6 (10.8) 0
RAL 774 4 wks 28.6 (5.0) 1.25(1.3) 79.5 days 0.00 (0.0) 0
RAL 153 4 wks 47.0 (14.3) 2.81(1.9) 55.0 days 30.1 (11.3) 0
RAL 177 4 wks 94.4 (3.7) 15.6 (12.4) 44.5 days 64.4 (9.9) 0
RAL 336 4 wks 23.1 (94) 2.81(1.9) 39.0days  22.7 (14.9) 0
RAL 359 4 wks 82.9(3.4) 1.25(1.3) 63.0days  21.91 (8.6) 0
RAL 361 4 wks 43.0 (13.5) 7.78 (5.4) 69.0 days 3.33(2.5) 0
RAL 367 4 wks 12.8 (3.6) 0.00 (0.00) 63.5 days 0.00 (0.0) 0
RAL 440 4 wks 25.6 (10.7) 0.00 (0.00) 69.0 days 0.00 (0.0) 0
RAL 406 4 wks 67.0 (8.6) 42.7 (10.9) 65.5 days 32.3(11.5) 0

AC = Acclimation Survival

CS = Non-acclimation Survival
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Table 2.3 Quantitative genetic estimates (+ S.E.) for all phenotypes as they vary with age and
the number of polymorphisms (generalized as SNPs) and genes significantly associated with
each phenotype identified by GWAS with a threshold of —log10(5). All heritabilities reported are
broad-sense and are greater than 0.

No. Age 2 No. No.
Phenotype Lines (weeks) Mean H CVe CVe SNPs Genes

Acclimation 101 1 63.4(1.1) 0.26 (0.04) 22.68  38.58 24 23
Acclimation 101 4 55.2(1.2) 0.19(0.04) 25.60 52.70 31 28
Non-acclimation 101 1 30.4 (1.3) 0.33(0.04) 58.76  84.52 22 14
Non-acclimation 101 4 14.1(0.9) 0.26 (0.05) 83.86 141.09 69 48
Acclimation Score 101 1 33.03(1.4) 0.20(0.03) 50.53 101.67 45 23
Acclimation Score 101 4 41.1 (1.3) 0.14 (0.02) 3194 79.03 26 6
Starvation 164 1 51.89(0.4) 0.34(0.03) 13.51 18.66 20 9
Starvation 164 4 44.62 (0.5) 0.13(0.02) 14.00 36.45 27 22
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Table 2.4 Mean standardized additive effects (95% CI) of polymorphisms significantly
associated with their respective phenotype are indicated in green. Calculated mean effects are
presented for each set of polymorphisms in all other phenotypes. Red boxes indicate
comparisons for which the polymorphisms associated with the phenotype in the left column had
an opposite mean effect that excludes 0 based on 95% CI of the mean effect.

AC, 1wk AC, 4 wks CS, 1wk CS, 4 wks S, 1wk S, 4 wks
AC, 1wk [ 0.54(0.06) 0.22(0.04) 0.28(0.05) 0.12(0.02)
AC, 4 wks | -0.15(0.04) -0.41(0.09) -0.05(0.03) -0.03(0.02) 0.00 (0.00)
CS, 1wk 0.24 (0.07)  0.14 (0.05) = 0.40(0.09) 0.13(0.04) -0.01(0.05)

CS,4wks | -0.16(0.01) -0.18(0.02) -0.20(0.02) | -0.32 (0.02)
S, 1wk 0.02 (0.06) 0.03 (0.05) -0.03(0.04) 0.00(0.03)
S, 4 wks

-0.25(0.1) -0.14 (0.06)
-0.32 (0.04) | -0.35 (0.03)

AC = Acclimation Survival
CS = Non-acclimation Survival
S = Starvation Resistance
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Table 2.5 Quantitative genetic estimates (+ S.E.) for all phenotypes as they vary with age. All
heritabilities reported are broad-sense and are greater than 0.

MALES ONLY

Age

#

Phenotype Lines (weeks) Mean H’ CVe CVg
Acclimation Survivorship 101 1 0.667 (0.02) 0.25(0.05) 20.14 14.71
Acclimation Survivorship 101 4 0.564 (0.02) 0.26 (0.05) 27.96 10.82
Non-acclimation Survivorship 101 1 0.361 (0.02) 0.62(0.05) 68.16 16.60
Non-acclimation Survivorship 101 4 0.124 (0.01) 0.30(0.06) 91.67 11.46
Acclimation Score 101 1 0.329 (0.02) 0.21(0.04) 51.44 101.16
Acclimation Score 101 4 0.457(0.02) 0.17(0.03) 31.57 69.43
Starvation Resistance 164 1 45.37(0.5) 0.71(0.03) 14.79 36.58
Starvation Resistance 164 4 32.28(0.3) 0.63(0.03) 1541 39.04
FEMALES ONLY

Phenotype Lifles (wtgle(s) Mean H’ CVe CVg
Acclimation Survivorship 101 1 0.601 (0.02) 0.27(0.04) 25.31 12.43
Acclimation Survivorship 101 4 0.540 (0.02) 0.15(0.03) 23.76  7.60
Non-acclimation Survivorship 101 1 0.246 (0.02) 0.29 (0.05) 59.04 9.38
Non-acclimation Survivorship 101 4 0.159 (0.01) 0.27 (0.05) 82.29 9.03
Acclimation Score 101 1 0.331 (0.02) 0.20(0.04) 38.86 101.44
Acclimation Score 101 4 0.364 (0.02) 0.19(0.04) 40.23 82.50
Starvation Resistance 164 1 58.41(0.6) 0.73(0.03) 1536 25.73
Starvation Resistance 164 4 56.91(0.7) 0.66(0.03) 19.79 11.83
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Table 2.6 Genetic (upper diagonal) and phenotypic (lower diagonal) correlations for all
phenotypes (S.E.).

BOTH SEXES

AC, 1 wk AC, 4 wks CS, 1 wk CS, 4 wks S, 1wk S, 4 wks
AC, 1 wk -- 0.70 (0.3) 0.50 (0.2) 0.44 (0.3) -0.23 (0.2) -0.47 (0.2)
AC,4wks 0.20 (0.07) -- 0.26 (0.2) 0.55(0.4) 0.19 (0.3) -0.16 (0.3)
CS, 1wk  0.22(0.08) 0.12 (0.07) -- 0.43 (0.3) -0.36 (0.2) -0.081 (0.3)
CS,4wks 0.084 (0.1) 0.25 (0.1) 0.11(0.1) -- -0.088 (0.3) -0.014 (0.4)
S, 1wk -0.20 (0.1) -0.036 (0.08) -0.14 (0.1) 0.037 (0.2) -- 0.69 (0.3)
S, 4 wks -0.21 (0.07 -0.061 (0.07 -0.17 (0.8 0.055 (0.1 0.74 (0.2 --

AC, 1 wk AC, 4 wks CS, 1 wk CS, 4 wks S, 1wk S, 4 wks
AC, 1wk - 0.76 (0.4) 0.28 (0.3) 0.41 (0.4) -0.13 (0.3) 0.17 (0.3)
AC,4wks 0.21(0.1) -- 0.10 (0.2) 0.45 (0.4) 0.17 (0.3) -0.13 (0.4)
CS, 1wk  0.15(0.09) 0.071 (0.08) -- 0.39 (0.3) -0.23 (0.3) -0.12 (0.4)
CS,4wks 0.13(0.1) 0.22 (0.1) 0.13 (0.1) -- -0.21 (0.3) 0.032 (0.5)
S, 1wk -0.18 (0.2) 0.015(0.2) -0.11 (0.2) -0.071 (0.3) - 0.81 (0.3)
S, 4 wks -0.20 (0.2 -0.071 (0.2 -0.040 (0.2 0.095 (0.4 0.56 (0.2 --

AC, 1 wk AC, 4 wks CS, 1wk CS, 4 wks S, 1wk S, 4 wks
AC, 1wk - 0.57 (0.4) 0.72 (0.3) 0.40 (0.3) -0.33(0.2) -0.40 (0.1)
AC, 4 wks 0.22 (0.08) -- 0.35(0.4) 0.56 (0.4) 0.12 (0.4) -0.13 (0.3)
CS, 1wk  0.29(0.1) 0.22 (0.1) -- 0.34 (0.3) -0.37 (0.2) -0.18 (0.2)
CS,4wks 0.089 (0.1) 0.30 (0.1) 0.16 (0.2) -- -0.0051 (0.3) -0.003 (0.2)
S, 1wk -0.12 (0.1) -0.0033 (0.2) -0.0082 (0.1)  0.045 (0.2) -- 0.74 (0.3)

S,4wks  -0.17(0.09)  -0.043(0.1)  -0.011(0.1)  -0.037(0.2) 0.51(0.2) -

AC = Acclimation Survival

CS = Non-acclimation Survival

S = Starvation Resistance

yellow = significant positive correlations
orange = significant negative correlations
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Chapter 3 - Costs and benefits of cold acclimation on survival and
reproductive behavior in Drosophila melanogaster

Elizabeth R. Everman, Jennifer L. Delzeit, F. Kate Hunter, Jennifer M. Gleason,

and Theodore J. Morgan
Abstract

Fitness is determined by the ability of an organism to survive and to reproduce. However,
the mechanisms that produce increased survival may not be identical to those that increase
reproductive success. We used nineteen natural Drosophila melanogaster genotypes from the
Drosophila Genetic Reference Panel to determine if adaptive plasticity following short-term
acclimation through rapid cold-hardening (RCH) affects mating behavior and success. We
confirmed that exposure to the acclimation temperature is beneficial to survival following cold
stress; however, we found that this same acclimation temperature exposure led to less efficient
male courtship and a significant decrease in the likelihood of mating. Genotypic variation in
RCH capacity was correlated with variation in courtship duration of males not exposed to the
acclimation temperature, indicating that the capacity to acclimate can positively influence
reproductive fitness, but only in constant environmental conditions. Finally, we tested if the
exposure of males to the acclimation temperature influenced courtship song. While exposure to
the acclimation temperature again significantly increased courtship duration courtship song was
unchanged. These results illustrate a balance between costs and benefits of short-term
acclimation on survival and reproductive components of fitness and demonstrate the short-term

acclimation environment can have a pronounced effect on reproductive success.
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Introduction

Survival and reproduction are the primary determinants of fitness, and they are jointly
influenced by a suite of environmental factors. Organisms have evolved diverse sets of
mechanisms that allow the maintenance of survival and reproduction in response to
environmental stress. Generally, organisms use basal tolerance and the capacity to respond to
environmental stress through phenotypic plasticity to facilitate fitness gain (Kingsolver and Huey
1998; Basson et al. 2012; Franks and Hoffmann 2012). One widely studied source of
environmental stress is the thermal environment. Fluctuations in temperature can occur on a
daily and seasonal scale, and these fluctuations can influence activity levels (Ayrinhac et al.
2004; Overgaard and Serensen 2008) and contribute to species distributions and the evolution of
thermal response (Andrewartha and Birch 1954; Ayrinhac et al. 2004; Dierks et al. 2012).
Variation in temperature can negatively impact the survival and reproduction of ectothermic
organisms as a result of their sensitivity to small changes in temperature (Kelty and Lee 1999,
2001; Shreve et al. 2004; Kelty 2007). Phenotypic plasticity through acclimation to thermal
variation is one mechanism by which ectotherms can overcome these negative fitness impacts.

The benefits of phenotypic plasticity in variable thermal environments have been
established through studies that demonstrate increased survival results when exposure to a
fluctuating thermal environment precedes temperature stress (Lee et al. 1987; Sinclair and
Roberts 2005; Kelty 2007; Gerken et al. 2015). However, the primary focus has been on survival
benefits leaving the influences of the temperature fluctuation on other components of fitness
understudied (Best et al. 2012). For example, one process that usually results in a survival benefit
is rapid cold-hardening (RCH; Lee et al. 1987). In insects and other ectotherms, RCH is initiated

by a shift to a mild acclimation temperature prior to a harsher stress exposure (Terblanche et al.
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2007; Overgaard et al. 2011). The large increase in survival of RCH induced individuals,
compared to individuals exposed to harsh temperatures without acclimation, suggests that the
RCH response is adaptive (Leroi et al. 1994). The capacity to respond to acclimation through
RCH is a form of phenotypic plasticity and can be quantified as RCH capacity. The effects of
RCH are not necessarily uniformly positive across all genotypes, environments, or components
of fitness. Furthermore, exposure to non-lethal temperature influences reproductive fitness in a
diverse group species (Hawley and Aleksiuk 1975; Leroi et al. 1994; Scott et al. 1997; Patton
and Krebs 2001; Fasolo and Krebs 2004; Geister and Fischer 2007; Best et al. 2012; Dick et al.
2013; Schou et al. 2015). Thus, individuals that have increased survival induced by RCH may
experience lower reproductive success or negative effects on other components of fitness from
the same exposure to the acclimation temperature (Leroi et al. 1994; Geister and Fischer 2007,
Schou et al. 2015). Finally, it is also not known how genotype-specific capacity for plastic
response to temperature stress influences the effect of temperature on reproductive success.
Drosophila melanogaster is an excellent model for studying the influence of temperature
on mating behavior because males have predictable, complex courtship behaviors that consist of
several elements that can be altered by the environment. During male courtship, the male follows
the female, orients near the female’s head, and produces courtship song (Bastock and Manning
1955). Courtship song is produced when the male extends a wing so that it is perpendicular to
his body and vibrates it (Bastock and Manning 1955; Bennet-Clark and Ewing 1967). These
wing movements produce an audible, species-specific song, which in D. melanogaster consists
of pulse and sine elements that are known to impact female receptivity (Ewing and Bennet-Clark

1968; Bennet-Clark and Ewing 1969; Von Schilcher 1976).

87



Temperature influences pulse song and other aspects of male courtship behavior in many
drosophilid species, both at the time of courtship and as a result of acclimation to seasonal and
short-term fluctuations in temperature (Aspi and Hoikkala 1995; Ritchie and Gleason 1995;
Hoikkala and Isoherranen 1997; Patton and Krebs 2001; Fasolo and Krebs 2004; Shreve et al.
2004; Best et al. 2012). Seasonal acclimation to stressful temperatures can result in decreased
mating success (Aspi and Hoikkala 1995; Hoikkala and Isoherranen 1997). For example, male D.
montana and D. littoralis collected during warmer months produce higher frequency pulse song
compared to males collected immediately following the overwintering period (Hoikkala and
Isoherranen 1997). Summer-collected males have higher mating success than winter-collected
males because females of these species prefer high frequency pulse song (Hoikkala and
Isoherranen 1997). Short-term temperature stress can have a similar negative influence on
mating success in Drosophila and other invertebrates (Shreve et al. 2004; Dick et al. 2013). For
example, a drop in temperature of 7°C negatively affected mating success in D. melanogaster
(Shreve et al. 2004). Allowing males to acclimate to the lower temperature mitigated this
negative effect, suggesting that plastic response to the thermal environment can benefit
reproduction. This implies that a larger temperature shift, such as acclimation prior to harsh cold
stress, will have a significant effect on mating behavior.

In this study, we address several open questions by measuring the costs and benefits of
RCH on two components of fitness: survival and reproductive success. Overall, we expect short-
term thermal acclimation through RCH to have a positive effect on survivorship following cold
stress and to have a negative effect on mating behavior and success. Because levels of basal cold

tolerance, RCH capacity, and mating behavior are genetically controlled (Gaertner et al. 2015;
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Gerken et al. 2015), we also expect that genotype-specific levels of temperature tolerance will
interact with the negative impact of exposure to acclimation temperature on mating success.

We test these genotypic effects by measuring thermal tolerance, plasticity, and
reproductive behavior in nineteen unique, naturally derived D. melanogaster genotypes from the
Drosophila Genetic Reference Panel (DGRP). The DGRP consists of multiple inbred genotypes
and provides a powerful tool for measuring identical genotypes across environments and traits.
This panel was recently used to characterize the heritability of courtship behavior (Gaertner et al.
2015) as well as the genetic control of the effect of RCH on survival (Gerken et al. 2015). We
build on the existing knowledge of RCH capacity and mating behavior provided by these studies
by using genotypes from the DGRP to investigate how the genetic capacity for plasticity and
fitness are related under multiple environments. Finally, we address potential mechanisms by
which exposure to acclimation temperature influences mating success by examining the effect of
acclimation on specific components of mating behavior. Because previous research has shown
that courtship song can be altered by long-term temperature fluctuations, we expect specific
elements of courtship behavior, including pulse song, to be negatively impacted by exposure to

the short-term thermal acclimation temperature that leads to the RCH response.

Methods

Fly stocks

The DGRP is a collection of 205 inbred and fully-sequenced D. melanogaster lines
established by sampling naturally segregating genetic variation in a single population in Raleigh,
North Carolina (Mackay et al. 2012; Huang et al. 2014). Nineteen lines were selected from the
DGRP that had a range of positive and negative responses to acclimation (Fig. 3.1B). We chose a

subset of nineteen lines from the DGRP to perform highly detailed analyses of courtship
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behavior and song (discussed below). All flies were reared on standard cornmeal/molasses/agar
media at 25 + 1°C in narrow polystyrene vials (25 x 95mm) on a 12-hour light:dark cycle.

All experimental flies were reared at moderate larval density by placing five males and
five females in each vial and allowing females to lay eggs for three days to control larval density.
After three days, the parents were transferred to new vials. In the new vials, females were
allowed to continue oviposition for another three days before all parents were discarded.
Experimental flies were obtained from both sets of vials. For mating experiments, virgin males
and females were collected from each DGRP line and were sorted and maintained individually in
vials. Non-virgin individuals were collected for cold tolerance assays (as in Morgan and Mackay
2006; Gerken et al. 2015). Experimental flies for cold tolerance assays were sorted by sex, with
10 individuals per vial, before they were tested at five to seven days of age.

Normality and homoscedasticity of all response variables were assessed via the Shapiro
Wilk test and the Levene test, respectively. All variables recorded in this study deviated from the
assumptions of parametric tests, and the issues with normality remained following data
transformation. Because parametric tests are generally robust to violations of normality and
homoscedasticity (Glass et al. 1972), we proceeded cautiously with parametric tests of our data,
as many models were too complicated to be tested non-parametrically, and type I error is prone
to inflation when the number of observations are high in non-parametric tests (Rogan and
Keselman 1977; Zimmerman 1998). As a result, our analyses are conservative assessments of the
influence of genotype and treatment on survival and behavior. All analyses were performed in R
(Wickham 2009; Kuznetsova et al. 2015; R Core Team 2015) unless otherwise indicated. All

data are archived with Dryad.
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Cold tolerance assay and analysis

To characterize the response to cold stress for each isogenic line, males and females of
each DGRP line were separated into two groups. We chose our temperatures following Gerken
et al. (2015). Briefly, to measure basal cold tolerance, cohorts of 10 individuals from each line
and sex were exposed to -6°C for one hour (Fig. 3.2A). After a recovery period of 24 hours at
25°C, percent survival of each vial was measured. To measure acclimated cold tolerance, cohorts
from each line and sex received a mild cold stress at 4°C for two hours before they were
transferred to -6°C for an hour (Fig. 3.2B). After a recovery period of 24 hours at 25°C, percent
survival of each vial was measured. Measures of basal and acclimated cold tolerance were
replicated four times for each sex in each of the nineteen lines.

The effects of acclimation and DGRP line on the proportion of flies that survived cold
stress at -6°C were tested with a three-way mixed-model ANOVA, where line was a random
effect and sex and acclimation treatment were fixed effects. Rapid cold-hardening (RCH)
capacity was calculated as the difference between the mean proportion of flies that survived the
acclimation cold tolerance assay and the mean proportion that survived the basal cold tolerance
assay (Gerken et al. 2015).

Mating latency assay and analysis

To investigate the effect of exposure to the acclimation temperature for inducing RCH on
reproductive fitness, we quantified two metrics of D. melanogaster mating behavior in groups of
flies that were either exposed to the acclimation temperature or flies maintained at 25°C. Three
hours prior to lights on, virgin flies in the acclimation treatment were transferred to 4°C for two
hours (Fig. 3.2C). These flies were then transferred to fresh media and allowed to recover from

acclimation temperature-induced coma for an hour at 25°C. Control flies were maintained at
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25°C prior to the mating assay. Because two-hour acclimation at 4°C has been shown to wear
off after four hours in these DGRP genotypes such that survivorship is no longer benefited by
acclimation (Everman et al. In Press) and to ensure that the acclimation treatment applied in the
survivorship assay aligned temporally with the acclimation treatment used in this mating assay,
mating latency was assessed following a one-hour recovery period. At lights on, male and female
flies from each treatment were paired within and between the acclimation and control treatments
(i.e., acclimated male x acclimated female; control male x acclimated female; acclimated male x
control female; control male x control female) for each DGRP line. Each pair was observed for
four hours at 25°C in vials containing media and activated yeast. During the four-hour screen, we
measured courtship latency (the time until males started courtship behavior) and courtship
duration (the time from the start of courtship to the time when the male successfully began
copulation). Males that did not engage in courtship were not included in the calculation of
courtship duration and were given a courtship latency of 14400 seconds (4 hours), because, when
left in pairs over one week, every pair eventually mated and produced offspring. Courtship
duration for males that did not mate but engaged in courtship behavior within the four-hour
screen was calculated by assigning time of copulation as 14400 seconds (4 hours) for the same
reason given above, before subtracting the time of courtship initiation. Data were collected with
five to eight replicates per line and treatment combination (Table 3.1).

Two three-way mixed-model ANOVAs were used to test the effect of acclimation
treatment and DGRP line on courtship latency and courtship duration. In both analyses, line was
a random effect and the sex-specific acclimation treatments were fixed effects. We ran these
analyses first only including males that mated during the screen and then including all males that

initiated courtship behavior (who may or may not have mated). The results of both analyses were
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highly consistent, so we only present the results of the latter analysis. The effect of acclimation
on the probability of mating was analyzed with a chi-square test.

We used regression analysis to determine the effect of genotype-specific levels of basal
cold tolerance and RCH capacity on courtship latency and courtship duration. Because mixed
model ANOVA results indicated that only males were negatively impacted by the acclimation
treatment prior to mating, we used male-specific measures of RCH capacity and basal cold
tolerance averaged by DGRP line and compared these responses to courtship latency and
duration measured for the control pair of flies and for the pair in which only the male was
exposed to the acclimation temperature.

Behavioral plasticity following acclimation temperature exposure was calculated by
subtracting the average courtship duration of acclimated males from the average courtship
duration of control males. As before, we only included the pairs with control females. We
analyzed these data using linear and quadratic regression with and without an outlier genotype
(DGRP line RAL-367; see results) to test the relationship between behavioral and physiological
plasticity measured as RCH capacity.

Courtship song assay and analysis

Five lines with the highest positive RCH capacities (RAL-362, RAL-517, RAL-365,
RAL-153, RAL-195), which also had among the most negative male behavioral plasticity scores,
were selected to test the effect of acclimation on courtship song. Only a subset of the nineteen
lines was used for this experiment as we were not able to collect song data in a high-throughput
manner and collection of song data was a severely limiting step in analysis. We chose these five
lines because survivorship and courtship behavior were most differentially affected by

acclimation. Therefore, further examination of these five lines provided the opportunity to
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examine costs of acclimation on courtship in lines that have an adaptive survival response to the
treatment. Experimental flies for the courtship song assay were reared and collected in an
identical manner as the mating latency assay. Males were divided evenly among the acclimation
temperature exposure and control treatments; the acclimation temperature exposure treatment
was the same as above for the mating latency experiments. Females were maintained at 25°C in
this experiment because the primary effect of acclimation temperature exposure on mating
behavior was in the males; therefore, females were standardized to determine the effect of
exposure to the acclimation temperature on male song. Over the five DGRP lines, 15.6 + 2.70
S.D. males per line received the acclimation treatment and 14.2 + 2.05 S.D. received the control
treatment (Table 3.1).

To record song, a virgin male and a virgin female were paired in a clear circular mating
chamber (25 mm diameter, 12 mm height) with a clear plastic bottom. The mating chamber was
placed directly over an Insectavox microphone (Gorczyca and Hall 1987). Video and sound
recording continued until copulation or fifteen minutes had elapsed if the pair did not copulate.
Because we had only one microphone, recordings of pairs could only be done one at a time.
Recordings were made up to four hours post lights on each day. The order of DGRP lines and
treatment of the males was randomized each recording day. Ambient temperature was recorded
at the start and end of the recording window. Song and video recordings were captured using
EZGrabber (Geniatech).

To measure the song characters, MP4 video files were first converted to MP3 audio files
with MacX Free MP3 Video Converter Version 4.1.8 (Digitary Software). MP3 sound files were
filtered with a high pass frequency of 100 Hz and a low pass frequency of 1000 Hz and saved as

WAV files in Audacity® 2.1.1 (Audacity Team 2015). Pulses were identified on oscillograms
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and the time between pulses, the interpulse interval (IPI), was measured manually in all bursts of
at least three pulses (Fig. 3.3). In total, 24,305 pulses were analyzed. Because IPI varies with
temperature, regression analysis was used to determine whether recording temperature variation
significantly influenced IPI. The slope of this regression (-1.0437) was used to correct all IPI

data to a common temperature (25°C) using the equation:

corrected IPI = —1.0437(25°C — recording temperature) + measured IPI.

The mean of the temperature at the start and end of the recording was used as the recording
temperature.

We used a custom bootstrapping procedure to identify the minimum number of IPI
needed to accurately estimate the mean IPI for each song following temperature correction. To
identify this cut-off, we selected the top 5% of songs with the most IPI per song and randomly
sampled 3, 5, 10, 15, 20, 25, and 30 IPI from each song with 10,000 iterations. The average IPI
of each iteration was used to calculate the mean IPI and standard deviation for each cut-off,
which was then compared to the mean IPI for the entire song. Visual examination of the standard
deviation of the estimates for each cut-off and song demonstrated that the variation around the
estimated mean decreased substantially when the cutoff was set to 15 IPI (Fig. 3.4). The
variation was not greatly improved when more than 15 IPI were used as the cut-off (Fig. 3.4);
therefore, to calculate the mean IPI for songs recorded in our study, only songs with at least 15
IPI were retained in subsequent analyses. Mean IPI was calculated for each individual across the
entire courting period. In addition, we calculated the mean IPI of the first and last minute of song

for individuals with at least 15 IPI in each of those minutes. In males that mated, the last minute
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of courtship occurred immediately before copulation. For males that did not mate, the last minute
of the recording was the last minute of song.

From the videos, we manually recorded mating success, courtship duration, courtship
index (the proportion of the courtship duration in which the male was actively courting), and
song index (the proportion of the courtship duration in which the male was actively singing).
Song index was determined by adding together all IPIs for a song to calculate the total time
males spent singing and dividing that number by the courtship duration. Both song parameters
and courtship parameters were scored blindly with respect to line and treatment.

To assess the broad effect of exposure to the acclimation temperature on courtship
behavior and likelihood of mating, we tested the effect of male treatment on mating success,
courtship occurrence, and song occurrence with chi-square tests. We then tested the effect of
DGRP line, male treatment, and mating status (whether males mated or not) on mean IPI,
courtship index, song index, and courtship duration individually with mixed-model three-way
ANOVAs. We used a repeated-measures ANOVA to test the effects of DGRP line, male
treatment, and mating status on song consistency by comparing the mean IPI of the first minute

of song to the last minute of song.
Results

The effect of acclimation and genetic variation on survivorship

Survivorship following exposure to cold stress was influenced both by treatment and
genetic variation. The acclimation treatment significantly improved survivorship compared to the
basal cold tolerance treatment (F 25 = 123.9, P < 0.001; Fig. 3.1A) indicating most individuals
had positive RCH capacity. DGRP line also significantly influenced survivorship following the

acclimation and basal cold tolerance treatments (Fs 225 = 9.52, P < 0.001; Table 3.2). Treatment
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and DGRP line interacted to influence survivorship following the acclimation and basal cold
tolerance treatments as well, indicating that the genotypes included in this study responded
differentially to the cold stress treatments (Fig. 3.1B; Fis2s = 9.43, P < 0.001) and that the
DGRP lines had different levels of cold tolerance and RCH capacity. Genotype-specific
responses to cold with and without acclimation and RCH capacity point to genetically
determined differences in physiological response to cold stress. The lack of a sex-specific
response suggests that male and female survival was influenced by treatment in similar ways.
The effect of acclimation and genetic variation on mating behavior

The exposure of males and females to the cold acclimation temperature did not delay the
initiation of courtship behavior (male treatment: F; 455 = 0.79, P = 0.3, female treatment: F/ 455 =
0.03, P = 0.86, male by female treatment interaction: F; 455 = 0.0009, P = 1; Fig. 3.5A, Table
3.2). However, exposure of males to the cold acclimation temperature significantly increased
courtship duration, indicating that exposure to the acclimation temperature decreased the
efficiency of mating (F; 455 = 28.9, P < 0.001; Fig. 3.5B, Table 3.2). Males that received the
acclimation treatment were also significantly less likely to mate than control males (y° = 20.2, P
< 0.0001). The acclimation temperature exposure of females did not influence courtship duration
(F1458=0.40, P = 0.5; Table 3.2). Courtship duration was also not influenced by an interaction
between male and female acclimation temperature treatment, indicating that the negative effect
of cold acclimation on courtship duration was driven by the ability of males to court, but not the
female’s ability to accept the male’s courtship (F 455= 0.29, P = 0.6; Fig. 3.5, Table 3.2).

Significant variation among DGRP lines was detected for both behavioral responses
measured (courtship latency: Fs4s55 = 4.15, P < 0.001; courtship duration: Fg458 = 9.06, P <

0.001; Fig. 3.6, Table 3.2). The male treatment by DGRP line interaction had a significant effect
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on courtship latency (Fs455 = 1.08, P < 0.05), but all other interactions were not significant.
Collectively, these results show that the cold acclimation temperature exposure negatively
affected mating latency and that there was significant genetic variation in both courtship latency
and courtship duration.

We tested the effect of genotypic variation in male-specific basal cold tolerance and RCH
capacity on mating behavior as well. Neither basal cold tolerance (Fig. 3.7A and B) nor RCH
capacity (Fig. 3.8A and B) was correlated with courtship latency. RCH capacity was negatively
correlated with control male courtship (F; ;7 = 8.44, P < 0.01, R’ = 0.33; Fig. 3.8C); however
when males were exposed to the acclimation temperature, the relationship became non-
significant (Fig. 3.8D). Because we observed a significant relationship between courtship
duration and RCH capacity under control conditions, we conclude that genetic variation in the
acclimation response influences mating behavior as well.

For each genotype, the change in courtship behavior between the control and acclimation
temperature treatment is a measure of behavioral plasticity. Because RCH capacity influenced
mating behavior, we also analyzed the effect of RCH capacity on behavioral plasticity to
understand how the capacity for a physiological response to the acclimation temperature
correlated with a behavioral response to the acclimation temperature. The relationship between
mating behavioral plasticity and RCH capacity (physiological plasticity) was not significant
when analyzed with a linear (F;;; = 2.60, P = 0.13) or quadratic (F;6 = 1.56, P = 0.24)
regression analysis (Fig. 3.9). While most genotypes had negative behavioral plasticity
(courtship duration was longer for acclimated males), genotype RAL-367 had an unusually large,
positive behavioral response to acclimation, and unusually low RCH capacity (outlier in Fig.

3.9). Genotype RAL-367 also had unusually long courtship latency when exposed to the
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acclimation temperature (Fig. 3.6). The relatively longer recovery period that resulted from this
courtship latency may have allowed RAL-367 males to court more effectively once they started
courting females. If this were the case, the acclimation treatment may not have influenced
courtship behavior for RAL-367 males the same way that it influenced courtship behavior in
males of other genotypes exposed to acclimation temperature. When the outlier was excluded
from the analysis, the quadratic relationship between behavioral plasticity and RCH capacity
(physiological plasticity) was significant (F:;5 = 8.02, P < 0.01; Fig. 3.9). Overall, the
acclimation exposure at 4°C improved survivorship for most genotypes but negatively affected
courtship behavior (Fig. 3.9). For genotypes that had either negative or very high positive levels
of RCH capacity, the negative effect of the acclimation temperature on behavioral plasticity was
large (Fig. 3.9). Courtship in genotypes with intermediate levels of RCH capacity was less
negatively affected by acclimation temperature; in two cases exposure to the acclimation
temperature decreased courtship duration leading to positive behavioral plasticity (Fig. 3.9). The
complex relationship between the physiological and behavioral response to the acclimation
temperature illustrates that it is possible for fitness to be gained via shifts in survival and
reproductive behavior in genotypes with an intermediate physiological capacity to respond to
acclimation temperature.
The effect of acclimation temperature on male courtship song

Because the five genotypes used to test the effect of acclimation on male courtship song
had high positive RCH capacities and similar negative behavioral responses to the acclimation
temperature treatment (Tukey’s HSD; all comparisons > 0.05), we did not analyze each genotype
separately. As with the mating latency assay, the male acclimation temperature treatment had a

significant negative effect on mating success (y° = 6.92, P < 0.01); 72.5% of the control males
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successfully mated, whereas only 51.3% of the acclimation temperature exposed males mated
within the fifteen-minute recording and observation period. Exposure to the acclimation
temperature did not influence song occurrence as all but two males across the song assay
experiment engaged in courtship behavior (y* = 0.4, P = 0.53). Of the males that courted in this
experiment, 83.3% of the acclimated temperature exposed males and 78.6% of the control males
produced pulse song (y° = 0.28, P = 0.60). Therefore, the negative effect of the acclimation
temperature treatment on mating success was not the result of an inability of acclimated males to
court or sing.

The songs and mating behavior of the males exposed to the acclimation temperature were
very similar to the distribution of IPI produced by control males (Fig. 3.10A). Exposure of males
to the acclimation temperature did not influence mean IPI of the entire song (F; 73 = 0.73, P =
0.40; Table 3.3, Fig. 3.10B), courtship index (£ ;¢ = 0.0015, P =0.97; Table 3.3, Fig. 3.10C), or
song index (F;7; = 0.21, P = 0.65; Table 3.3, Fig. 3.10D). However, males exposed to the
acclimation temperature did have marginally longer courtship duration (£ ;25 = 3.89, P = 0.05;
Table 3.3, Fig. 3.10E). When all males (mated and unmated) were considered together, the mean
IPI in the last minute of song of males exposed to the acclimation temperature tended to be
slightly shorter than that of control males (F; s = 2.99, P = 0.09; Table 3.3, Fig. 3.10F, left
panel). When only males that successfully mated were considered, variation in song consistency
was further reduced (mated males: F;,, = 0.38, P = 0.55; Fig. 3.10F, middle panel); however
when only males that did not mate during the recording period were considered, the difference in
song consistency between control males and males exposed to the acclimation temperature
became more pronounced (F; .4 = 4.1, P = 0.05; Fig. 3.5F, right panel). Although there are no

striking changes in song due to exposure to the acclimation temperature, the negative effect of
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acclimation on mating success may be related to inconsistent song produced by males exposed to

the acclimation temperature that court for a longer period of time before mating.

Discussion
Cold-acclimation capacity has costs and benefits on survivorship and mating
success

The ability of an organism to thrive in a thermally variable environment influences both
the persistence of the population and the reproductive potential of the organism. In a simple
scenario, an organism that survives an exposure to cold temperature fluctuation can reproduce in
the future; in this way, the survival benefit of acclimation RCH would also indirectly benefit
reproductive success. However, non-lethal temperature exposure can directly alter reproductive
success as well (Shreve et al. 2004; Geister and Fischer 2007), and while acclimation can greatly
benefit survival, this mild form of cold stress can be very costly for reproductive success. The
presence of benefits and costs for survival and reproductive success is clearly demonstrated in
our study.

Survival following cold stress without acclimation (basal cold tolerance) varied, but when
flies were exposed to the acclimation pre-treatment before cold stress, average survival
significantly increased among the DGRP lines (Fig. 3.1B). In most cases (14 of 19 DGRP lines;
Fig. 3.9), RCH capacity was positive, providing evidence of adaptive physiological plasticity and
indicating that acclimation has a beneficial effect on survival. Although this is a relatively simple
assay of cold acclimation, multiple studies with ecologically relevant thermal periodicity and
cooling rates yield results consistent with the simplified assay used in this study (Chen et al.

1987; Kelty and Lee 2001), and similar benefits of acclimation for survival have been
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demonstrated in multiple species (Lee et al. 1987; Coulson and Bale 1992; Kelty and Lee 2001;
Kristensen et al. 2008; Gerken et al. 2015; Schou et al. 2015).

While the 4°C acclimation treatment significantly improved survival following -6°C cold
stress in most DGRP lines (Fig. 3.1A), the exposure of males to the acclimation temperature had
a significant negative effect on courtship duration (Fig. 3.5B) as well as the likelihood of
copulation (° = 6.92, P < 0.01). Courtship duration increased when males, but not females, were
exposed to the acclimation temperature suggesting that mild cold exposure resulted in a
reduction in attractiveness of male courtship behavior. Exposure to the acclimation temperature
did not significantly impact the female’s ability to mate; combined with absence of an effect of
acclimation temperature exposure on courtship latency, this implies that the acclimation
temperature-induced increase in courtship duration in males is driven by female choice against
acclimated males. The negative effect of exposure to the acclimation temperature on courtship
duration observed in our study is consistent with the decrease in mating success of D. montana
males exposed to chronic winter-like temperatures (Hoikkala and Isoherranen 1997) and short-
term exposure without acclimation of D. melanogaster to temperatures that varied by 7°C from
rearing temperature (Shreve et al. 2004). Our results demonstrate that fitness effects following
exposure to 4°C acclimation are context-dependent, and that courtship behavior in D.
melanogaster is sensitive to short-term temperature fluctuations that can occur over a period of a
few hours.

Survival and reproductive behavior varied significantly across the nineteen DGRP lines
in our study (Table 3.1, Fig. 3.1B, Fig. 3.6). The correlation between the physiological and
behavioral responses to the acclimation temperature (Fig. 3.9) indicates that genetic variation in

RCH capacity can influence more than survival alone. Males from genotypes with low RCH
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capacity are not likely to survive in an environment in which fluctuation to cold temperatures is
likely or common, nor are they likely to mate quickly, regardless of variation in the thermal
environment (Fig. 3.8C and D). Low probability of survival in thermally variable environments
combined with lower reproductive success suggests these low RCH capacity genotypes would
have poor overall fitness in natural populations. Males from genotypes with high RCH capacity
survived well under acclimation temperature conditions and mated quickly under control
conditions (Fig. 3.8C) and so experienced a benefit from acclimation for survival and future
reproduction. However, when exposed to the acclimation temperature prior to engaging in
courtship behavior, males with high RCH capacity achieved copulation slowly and thus
experienced a large reproductive cost (Fig. 3.8D, Fig. 3.9). This implies that, for these genotypes,
exposure to the acclimation temperature that improved survival was stressful and negatively
impacts reproduction, a critical component of fitness. In contrast, males from genotypes with
intermediate RCH capacity retained the ability to survive cold stress and had the least
reproductive cost of exposure to acclimation temperature as measured by mating behavior. Thus
total fitness may be best achieved through moderate capacity to survive temperature fluctuations.
Moderate levels of plasticity can reduce the probability of phenotypic mismatch between basal
tolerance and thermal environmental variability (Kawecki 2000; Gomez-Mestre and Jovani
2013; Bergland et al. 2014a; Beaman et al. 2016). Together, environmental context and
genotypic dependence of the cost and benefits of exposure to the acclimation temperature
exposure yields insights into whole organism fitness by highlighting the fact that exposure to the
acclimation temperature is nearly always beneficial for survival and may be benefit reproductive

fitness as well under certain environmental conditions for certain genotypes.
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Decreased mating success following exposure to acclimation temperature is not
caused by changes in courtship song

We observed a strong negative effect of exposure to acclimation temperature on courtship
duration when the male, but not female, of each line received the cold treatment, suggesting that
male courtship behavior was altered by cold exposure (Fig. 3.5B). Measuring courtship behavior
and courtship song of individual males allowed us to assess the effect of the acclimation
treatment in much greater detail than that afforded by our mating latency assay. We expected
mean IPI to be influenced by acclimation, given the previous report of temperature-induced
changes to pulse song in overwintered D. montana males (Hoikkala and Isoherranen 1997).
However, when we tested the effect of exposure to acclimation temperature on mean IPI of the
male song, courtship index, and song index, we found that none of these variables responded in a
way that provided a mechanistic explanation for the negative effect of acclimation on mating
success (Fig. 3.10B-D). Exposure to the acclimation temperature over short time periods did not
appear to alter D. melanogaster courtship song in a manner that sufficiently explained the drastic
reduction in mating success or the increase in courtship duration of males that were exposed to
the acclimation temperature (Fig. 3.5B and Fig. 3.10E).

Although courtship song produced by males exposed to acclimation temperature did not
differ from that of control males, exposure to the acclimation temperature may have influenced
the consistency of courtship song production. For example, mean IPI may be similar among
males, but when considered on an individual basis, IPI may vary over the duration of courtship.
We therefore assessed the effect of exposure to the acclimation temperature on the variability of
mean [PI by comparing mean IPI during the first and last minute of song. Here we found a slight

effect of exposure to the acclimation temperature: in the last minute, males exposed to the
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acclimation temperature had shorter mean IPI than control males and a greater difference
between the first and last minute of song (Fig. 3.10F) than control males. These subtle
differences in mean IPI through an individual’s song are unlikely to be a contributing factor to
the decreased mating success of males exposed to the acclimation temperature. Genetic analyses
(Ritchie and Kyriacou 1996; Gleason et al. 2002; Turner and Miller 2012) have implied the
presence of directional selection for short IPI, which may be an indicator of male fitness,
assuming fast song (short IPI) is more difficult to produce. Our results are contradictory to this
assumption and imply that a longer IPI is preferred by the females from genotypes used in our
study. While our result should be considered carefully and warrants further investigation, this
may imply that female D. melanogaster do not always prefer shorter IPI, but rather that they
prefer a specific range of IPI that may depend on the genotype of the female (Yadav and Yadav
2012; Gaertner et al. 2015)

IPI is one of many song parameters that may contribute to male attractiveness during
courtship. Other song parameters may play a role in mating success, though this has not been
demonstrated in D. melanogaster. Other mating signals that may be affected by temperature
include cuticular hydrocarbons (CHCs) that act as pheromones, which are important for female
response to males (Grillet et al. 2006). Heat shock can affect CHC composition (Savarit and
Ferveur 2002) and social context affects levels of pheromones (Krupp et al. 2008); thus
acclimation stress as applied this context might detrimentally affect male mating success, though
this remains to be measured.

Further testing is required to identify the mechanism through which acclimation impacts
mating success. However, testing the physiological limits of outbred genotypes under multiple

conditions is difficult, as is correlating physiological response of outbred genotypes to behavioral
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response in subsequent assays. Our use of inbred genotypes from the DGRP was strategic in that
it allows this study to overcome these significant difficulties and to assess genotype-specific
patterns in behavior and physiology across multiple environments with replicated measures of
the same genotype. Although they are inbred, the DGRP is an excellent tool for investigating the
relationship between genetically controlled phenotypes in the context of natural genetic
variation. The lines are derived from a natural population and thus represent a snapshot of
standing genetic variation. Furthermore, because they are inbred genotypes, we can examine
effects of recessive polymorphisms in the population that influence phenotypic responses in
multiple environments in genetic backgrounds that represent natural genetic variation. While it is
possible that the inbred nature of each DGRP line could alter male courtship behavior
independently of the acclimation treatment, the understanding we gain through the use of these
naturally derived lines provides insight into how genetic variation in physiology and behavior
interacts with short-term environmental variation to determine whole organism fitness.
Conclusions

We have addressed several significant aspects of the effect of exposure to 4°C
acclimation on survival and reproductive behaviors in D. melanogaster. We have demonstrated
that cold tolerance and the capacity to acclimate vary among several unique, naturally derived
genotypes from the DGRP and that different levels of cold tolerance and plasticity influence the
effect of exposure to acclimation temperature on behaviors relevant to reproductive fitness.
Consistent with the research available on the effects of temperature on mating behavior, we
demonstrate that mildly cold stressing males through exposure to 4°C acclimation decreases their
likelihood of mating and cautiously suggest that an underlying mechanism for this pattern may

relate to subtle changes in mean IPI over the course of a male’s song. Because populations of D.
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melanogaster are likely to experience mild cold stress similar to that used in our study, for
example during the early morning hours of a spring or fall day, we hypothesize the significantly
decreased mating success of males exposed to the acclimation temperature have biologically
important consequences for fitness and the evolution of plasticity and cold tolerance in natural
populations.
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Figure 3.1 Survival following cold stress with and without the acclimation pre-treatment. A.
Flies that were acclimated had higher survival than flies that did not receive the acclimation
treatment prior to cold stress (F;22¢ = 123.9, P < 0.001). B. Genotype significantly influenced
survival following the basal cold tolerance and acclimation treatments (F;s22s = 9.52, P < 0.001).
Each point and connecting line represents the change in a genotype’s average survival between
the basal cold tolerance and acclimation treatments. This change (acclimation survival — basal
survival) is RCH capacity, one measure of phenotypic plasticity. Variation in change in survival
between the two treatments led to genotype-specific variation in RCH capacity.
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Figure 3.2 Temperature treatments for the cold tolerance and mating assays. Flies were exposed
to either (A) a basal cold tolerance treatment for 1 hour at -6°C or (B) an acclimation treatment
for two hours at 4°C followed by -6°C for 1 hour to determine the level of cold tolerance for
each genotype. C. Flies were exposed to either the acclimation treatment temperature (4°C) for 2
hours or were held at 25°C for the mating latency and song assays. Shading in C indicates the
timing of lights on (07:00 hrs) for experimental flies used in mating assays.
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Figure 3.3 Oscillogram presenting an example of song produced by D. melanogaster males.
Pulse and sine song was recorded for acclimated and control males from five DGRP lines.
Interpulse Interval (IPI) denotes the interval between two pulses. IPI was measured for sets of
pulses that occurred in bursts of 3 or more pulses. Figure S3. Estimation of the mean IPI using
cut-offs ranging from 5 — 30 IPI per song following bootstrapping with 10,000 iterations. We
selected the top 5% of songs (all3, al24, 125, al28, al31, a 154, a42, and a44) with the most
IPI per song and randomly sampled 3, 5, 10, 15, 20, 25, and 30 IPI from each song with 10,000
iterations. The average IPI of each iteration was used to calculate the mean IPI and standard
deviation (left panel) and 95% CI (right panel) for each cut-off, which was then compared to the
mean IPI for the entire song. Variation around the mean estimate was not greatly improved when
more than 15 IPI were used as the cut-off; therefore, to calculate the mean IPI for songs recorded
in our study, only songs with at least 15 IPI were retained in subsequent analyses. Each graph
shows the sampling for one individual.
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Figure 3.4 Estimation of the mean IPI using cut-offs ranging from 5 — 30 IPI per song following
bootstrapping with 10,000 iterations. We selected the top 5% of songs (all3, al24, 125, al28,
al3l, a 154, a42, and a44) with the most IPI per song and randomly sampled 3, 5, 10, 15, 20, 25,
and 30 IPI from each song with 10,000 iterations. The average IPI of each iteration was used to
calculate the mean IPI and standard deviation (left panel) and 95% CI (right panel) for each cut-
off, which was then compared to the mean IPI for the entire song. Variation around the mean
estimate was not greatly improved when more than 15 IPI were used as the cut-off; therefore, to
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calculate the mean IPI for songs recorded in our study, only songs with at least 15 IPI were
retained in subsequent analyses. Each graph shows the sampling for one individual.
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Figure 3.5 Courtship latency and courtship duration with and without acclimation. A. Exposure
to the acclimation treatment did not impact courtship latency when either the male or female
received the acclimation treatment (male treatment: F; 455 = 0.79, P = 0.3, female treatment:
F;455=0.03, P = 0.86, male by female treatment interaction: F; 4s5s= 0.0009, P = 1). B. Males
exposed to the acclimation temperature had significantly longer courtship duration (F; 455 = 28.9,
P < 0.001) independent of female treatment (F; 455 = 0.40, P = 0.5). Means are shown with 95%
confidence intervals; symbols indicate female treatment (filled = acclimated, open = control).
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Figure 3.6 Boxplots of mating latency, showing courtship duration (A) and courtship latency (B)
measured in 19 lines. In both plots, males that were exposed to the acclimation temperature (AC)
are indicated by shaded boxplots; control males (C) are indicated by non-shaded boxplots.
Behavioral response was highly variable among the DGRP lines regardless of whether the males
received the acclimation treatment. For most genotypes, males exposed to the acclimation
temperature spent more time courting females compared to control males but courtship latency
was not different between treatments.
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Figure 3.7 Correlations between basal cold tolerance and courtship traits in control males (open
symbols; A and C) and males exposed to acclimation temperature (shaded symbols; B and D).
Each dot represents the mean for a genotype. Basal cold tolerance was not correlated with either
courtship latency (A: F; ;7= 0.96, P = 0.34, R> = 0.05; B: F; ;7= 0.71, P = 0.41, R* = 0.04) or
courtship duration (C: F;;7=3.02, P=0.10, R” =0.15; D: F; ;7= 0.068, P = 0.80, R* = 0.004).
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Figure 3.8 Correlations between RCH capacity and courtship traits in control males (open
symbols; A and C) and males exposed to acclimation temperature (shaded symbols; B and D).
Each dot represents the mean for a genotype. RCH capacity was not correlated with courtship
latency (A: Fy;7 = 0.75, P = 0.40, R* = 0.04; B: F; ;7 = 0.075, P < 0.79, R> = 0.004). RCH
capacity was significantly correlated with courtship duration (C: F;;; = 8.44, P < 0.01, R’ =
0.33), but only when males did not receive the acclimation treatment. When males were exposed
to the acclimation temperature, the relationship between RCH capacity and courtship duration
became non-significant (D: F; ;7= 0.12, P = 0.74, R’ = 0.007; D). The non-significant result in D
is primarily due to a change in the slope of the relationship compared to C as the y-intercept of
the relationship does not change between treatments. This suggests the non-significant result was
driven by a relatively larger increase in courtship duration following acclimation in genotypes
with high RCH capacity.
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Figure 3.9 Relationship between male physiological and behavioral plasticity for the nineteen
genotypes. Negative and very high positive male RCH capacity was correlated with a large
negative effect of acclimation on behavioral plasticity (solid curve; F> ;5 = 8.02, P < 0.01) when
the outlier (indicated as an open symbol) was excluded from the analysis. The relationship was
not significant when the outlier was included for either the quadratic (not shown; F; ;s = 1.56, P
= 0.24) or linear analysis (dotted line; F; ;7 = 2.60, P = 0.13). Overall, most genotypes responded
positively to acclimation through increased survival (positive RCH capacity), while behavioral
plasticity was negative for most genotypes.
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Figure 3.10 Effect of exposure of males to acclimation temperature on courtship parameters
measured in five genotypes. A. The distribution of IPI produced by males that were exposed to
the acclimation treatment (shaded distribution) was very similar to that produced by control
males (non-shaded distribution). In figures B — D, boxplots show males that were exposed to the
acclimation temperature (AC) were not significantly different from control (C) males when mean
IPI (B: F; 73 = 0.73, P = 0.40), courtship index (C: F; ;26 = 0.0015, P = 0.97), or song index (D:
F;73 =021, P = 0.65) was compared. E. Males exposed to the acclimation temperature had
slightly longer courtship duration compared to control males (F; ;25 = 3.89, P = 0.05). F. The
mean IPI in the first and last minute of song of all males exposed to the acclimation temperature
tended to be slightly shorter than that of control males (plotted as means with 95% confidence
intervals; F; 59 =2.99, P =0.09). This difference between treatments was more pronounced when
only males that did not mate were considered (F;.4 = 4.1, P = 0.05). In all plots, shading
indicates males that were exposed to the acclimation temperature; lack of shading indicates
control males.
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Table 3.1 Sample sizes for the cold tolerance assay, mating latency assay, and courtship song
assays.

Mating Lat A
Cold Tolerance Assay ating Latency Assay

(per Sex)

Courtship Song Assay

DGRP Li
G e (No. Acclimated, No. Control)

No. per Treatment
Combination

6

RAL 304
RAL 362
RAL 517
RAL 365
RAL 93

RAL 101
RAL 136
RAL 153
RAL 176
RAL 177
RAL 195
RAL 336
RAL 352
RAL 359
RAL 361
RAL 367
RAL 440
RAL 849
RAL_406

11,16
18,14
17,16

16,13

16,11

e N N RN R RN RN R R RS
R Q[ Q| N[00 N|0| X Q[ N[X0]| Q|| N[0

119



Table 3.2 Analysis of variance of survival following cold stress, courtship latency, and courtship
duration with and without exposure to the acclimation treatment in nineteen DGRP lines.

Response Source df MS F P
Sex 1 0.01 0.19 0.66
TRT 1 7.02 123.94 <0.001
Survival Line 18 0.54 9.52 <0.001
following Sex x TRT 1 0.08 1.47 0.23
cold Sex x Line 18 0.13 2.36 <0.01
SEreSS  TRT x Line 18 0.53 943  <0.001
Sex x TRT x Line 18 0.04 0.78 0.72
Error 228 0.06
Line 18 69636290 4.15 <0.001
Male TRT 1 13291995 0.79 0.37
Female TRT 1 501153 0.03 0.86
Courtship Line x Male TRT 18 30178234 1.8 <0.05
Latency  Line x Female TRT 18 22242282 1.33 0.17
Male x Female TRT 1 14599 0.0009 0.98
Line x Male TRT x Female TRT 18 9736530 0.58 0.91
Residuals 458 16780770
Line 18 223395907  9.06 <0.001
Male TRT 1 744302220 2891  <0.001
Female TRT 1 10482539 0.41 0.52
Courtship Line x Male TRT 18 27778314 1.08 0.37
Duration  Line x Female TRT 18 24325841 0.94 0.52
Male x Female TRT 1 7339810 0.29 0.59
Line x Male TRT x Female TRT 18 17975976 0.7 0.81
Residuals 458 25746853

TRT = Treatment; significant results are in bold
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Table 3.3 Analysis of variance of all song recording variables including mean IPI, courtship
index, song index, courtship duration, and repeated measures analysis of variance of the first and
last minute of song with and without exposure to the acclimation treatment in five DGRP lines.

Response Source df MS F P
Male TRT 1 11.56 0.78 0.4
Line 4 98.31 6.6 <0.001
Mated vs. Not 1 2.13 0.13 0.71
Mean IPI Male TRT x Line 4 11.9 0.75 0.56
Male TRT x Mated vs. Not 1 6.87 0.43 0.51
Line x Mated vs. Not 4 1.95 0.12 0.97
Male TRT x Line x Mated vs. Not 3 15.42 0.97 0.41
Residuals 73 15.84
Male TRT 1 0 0.002 0.97
Line 4 0.083 1.33 0.26
Mated vs. Not 1 0.07 1.13 0.29
Courtship Male TRT x Line 4 0.12 1.97 0.1
Index Male TRT x Mated vs. Not 1 0.043 0.7 0.4
Line x Mated vs. Not 4 0.1 1.68 0.16
Male TRT x Line x Mated vs. Not 4 0.026 0.42 0.8
Residuals 128 0.062
Male TRT 1 0 0.21 0.65
Line 4 0 2.61 <0.05
Mated vs. Not 1 0 0.02 0.9
Song Index Male TRT x Line 4 0 0.67 0.61
Male TRT x Mated vs. Not 1 0 0.02 0.88
Line x Mated vs. Not 4 0 0.92 0.46
Male TRT x Line x Mated vs. Not 3 0 0.55 0.65
Residuals 73 0
Male TRT 1 226604 3.89 0.05
Line 4 572675 9.83 <0.001
Mated vs. Not 1 3005640 51.58 <0.001
Courtship Male TRT x Line 4 66112 1.13 0.34
Duration  Male TRT x Mated vs. Not 1 31874 0.55 0.46
Line x Mated vs. Not 4 211828 3.64 <0.01
Male TRT x Line x Mated vs. Not 4 38747 0.66 0.62
Residuals 128 58272
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Male TRT
Line
Mated vs. Not
Song Male TRT x Line
Consistency Male TRT x Mated vs. Not
Line x Mated vs. Not
Male TRT x Line x Mated vs. Not

Residuals

84.66 2.99
153.36 541
0.37 0.01
44.99 1.59

1.18 0.042
12.05 0.43
18.45 0.65
28.32

0.09
<0.001
0.91
0.19
0.84
0.79
0.58

TRT = Treatment; significant results are in bold
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Chapter 4 - Overwintering of the invasive pest Drosophila suzukii
Matsumura in the central plains is facilitated by
thermal acclimation

Elizabeth R. Everman, Philip J. Freda, Mariah Brown, Gregory Ragland,

and Theodore J. Morgan
Abstract

In temperate regions, seasonal and diurnal temperature variation presents novel
challenges to small invasive ectotherms; however, phenotypic plasticity can facilitate survival
and persistence. We tested the role of developmental acclimation, adult long-term acclimation,
and photoperiod on the induction of overwintering phenotypes including reproductive diapause
and adult survival in a low genetic diversity population of D. suzukii cultured from a recently
established population in Topeka, Kansas (USA). We found that both temperature and
photoperiod resulted in reduced ovary size and level of development relative to control females.
Reduction in ovary development was observed in response to each acclimation temperature, with
adult long-term acclimation at 11°C resulting in the largest reduction in ovary development and
size. Additionally, reduction in ovary development was observed at warmer temperatures relative
to previous reports of the induction of diapause in populations sampled in the northern USA and
southern Canada. We also provide evidence that D. suzukii is capable of short-term hardening,
contrary to previous reports. Our study highlights the central role of phenotypic plasticity in
response to winter-like laboratory conditions and provides an essential geographic comparison to
previously published assessments of diapause and short-term hardening survival response for D.

suzukii collected in southern Canada.
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Introduction

The ability for invasive species to persist in novel environments despite limited genetic
variation within the founding population remains an evolutionary paradox (Frankham 2005), but
hypothesized mechanisms for successful invasion into a novel environment following a founding
event are diverse (Dlugosch and Parker 2008; Stapley et al. 2015). One mechanism that can
facilitate invasion is phenotypic plasticity for fitness-related traits, which can allow a small
number of genotypes to thrive in a novel environment. Davidson et al. (2011) illustrated that
invasive plants have greater phenotypic plasticity for many fitness related traits when compared
to their non-invasive congeners. Similar results have also been documented in arthropods
(Lardies and Bozinovic 2008; Kleinteich and Schneider 2011). Taken together, these results
suggest that plastic species are able to respond to a range of environmental stressors and more
successfully survive and persist in novel environments.

Temperature fluctuations occur daily and seasonally in temperate habitats, regularly
dropping below freezing between fall and spring. The ability of organisms to tolerate these
changes in temperature is often predictive of geographic distribution and activity (Addo-Bediako
et al. 2000; Kellermann et al. 2012; Overgaard et al. 2014; Andersen et al. 2015) as
environmental temperature is a strong source of selective pressure (Huey and Kingsolver 1993).
In small ectothermic species, exposure to temperatures below freezing can result in chilling
injury and ultimately death (mechanisms reviewed in Teets and Denlinger 2013); however, these
consequences can be avoided through short-term hardening, long-term acclimation, and
developmental acclimation (Wilson and Franklin 2002; Bowler 2005; Angiletta 2009; Colinet

and Hoffmann 2012; Fallis et al. 2014; Gerken et al. 2015).
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Short-term hardening, one form of which is rapid cold-hardening (RCH), is a reversible
process that occurs over very short timescales (minutes to hours) and has been demonstrated to
increase survival in diverse species following brief exposure to a nonlethal temperature prior to
harsher cold stress (Chen et al. 1987; Lee et al. 1987; Czajka and Lee 1990; Worland and
Convey 2001; Wang and Kang 2003; Bowler 2005; Loeschcke and Serensen 2005; Sinclair and
Chown 2006). Long-term acclimation or seasonal cold hardening (SCH) is also reversible but
occurs over longer timescales (weeks to months) and can be induced by shifts in photoperiod as
well as temperature variation associated with seasonal change (Denlinger 1991; Bowler 2005).
Developmental acclimation is an irreversible process that is induced by environmental conditions
experienced during development (Lee et al. 1987; Wilson and Franklin 2002; Teets and
Denlinger 2013). Long-term and developmental acclimation are directly related to seasonal shifts
in average temperature, but short-term hardening occurs as a result of diurnal thermal variation.
In Drosophila melanogaster, developmental acclimation, long-term acclimation, and short-term
hardening can act synergistically; for example, short-term hardening of developmentally
acclimated individuals can increase survival relative to individuals that are not developmentally
acclimated (Kelty and Lee 2001; Gerken et al. 2015). Understanding how an invasive species
employs all three strategies will elucidate their overall potential for range expansion in a novel
environment as temperature tolerance is directly related to an organism’s overall fitness and
reproductive success.

Drosophila suzukii (Matsumura), an invasive pest species endemic to Asia, was first
detected in the continental USA in California in 2008 (Walsh et al. 2011). Within three years of
this initial detection, specimens were collected throughout the west and east coasts of the United

States and in Canada (Burrack et al. 2012; Freda and Braverman 2013) and recently, stable
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populations have been identified in central plains (Everman et al. 2015). Concurrently, D. suzukii
was introduced and expanded its range throughout Europe from 2008 to 2012 (Cini et al. 2012).
These introductions are significant because unlike the vast majority of drosophilids, D. suzukii is
an agricultural pest. Female D. suzukii have a serrated ovipositor allowing eggs to be laid in un-
ripened, soft-skinned fruits including a variety of berries, stone fruits, and grapes (Walsh et al.
2011; Everman et al. 2015). However, what makes D. suzukii of interest from an evolutionary
and ecological standpoint is its ability to successfully and rapidly invade and thrive within novel
environments.

For invasive species like D. suzukii, the ability to respond to diverse thermal regimes
through phenotypic plasticity via short-term hardening, long-term acclimation, and
developmental acclimation can facilitate overwintering in novel temperate environments.
Overwintering can be achieved via a combination of increasing basal levels of cold tolerance
(Bergland et al. 2014a; Shearer et al. 2016) and/or limiting reproduction by entering diapause
(Kimura 1988; Hoffmann et al. 2003b) where ovaries are reduced in size and contain few to no
mature eggs (Saunders et al. 1989; Denlinger 1991). Female drosophilids such as D.
pseudoobscura, D. melanogaster, and D. suzukii can store sperm until thermal conditions
become permissive for development (Denlinger 1991; Price et al. 1999; Giraldo-Perez et al.
2016; Ryan et al. 2016). Thus, as average temperature rises, ovarian development continues, and
eggs are fertilized and oviposited. D. suzukii likely employs a similar strategy in North America
and Europe (Ryan et al. 2016).

Ovarian diapause phenotypes can be induced via long-term and developmental
acclimation by reducing the photoperiod and/or the overall temperature that females experience

(Kimura 1988; Zhai et al. 2016). These environmental cues can induce diapause in D. suzukii as
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well; however, much of this insight comes from studies that tested individuals collected from
populations established in Canada, New York, Oregon and Michigan (Jakobs et al. 2015;
Stephens et al. 2015; Wallingford and Loeb 2016; Wallingford et al. 2016) where selection
pressure on overwintering strategies is constant and strong. Recently, D. suzukii was detected in
Kansas, where populations experience milder winters and more variable seasonal shifts in
temperature compared to more northern populations (Everman et al. 2015). As this invasive pest
becomes established across an increasingly broad geographic range, it is essential to understand
the phenotypic response of D. suzukii to winter conditions. Study of a recently established D.
suzukii population facilitates both a more comprehensive understanding of its success as an
invasive species and the prediction of the degree to which overwintering strategies determine
geographic boundaries of this species.

In this study we tested the ability of a D. suzukii population from the central plains
(Topeka, Kansas, USA) that was established in 2013 to plastically respond to diverse
environmental conditions including photoperiod and temperature. First, we tested whether long-
term and developmental acclimation at low, non-lethal temperatures and alteration to
photoperiod induced female reproductive diapause. Second, we determined effect of short-term
hardening (RCH) to non-lethal temperature on adult cold tolerance. We hypothesized that short
photoperiod, adult long-term acclimation, and developmental acclimation would induce a
diapause phenotype in female D. suzukii and that adult short-term hardening to non-lethal
temperature prior to cold shock would increase overall survival in both male and female adult D.
suzukii. Because we used a low genetic diversity population following several generations of
inbreeding, changes to reproductive and cold tolerance phenotypes induced by experimentally

altered environmental conditions illustrate the capacity of D. suzukii to respond plastically to all
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three acclimation regimes. Such plastic responses to these treatments further illustrate the
importance of phenotypic plasticity in invasive species survival and population persistence in
geographically diverse novel environments.

Methods

Stock maintenance

Adult female D. suzukii were captured from an orchard in Topeka, Kansas (39°12°10.4”
N, 95°44°31.4” W) in July, 2014. A low genetic diversity population culture was initiated with
four females and was maintained at 23°C on a 12-hour light:dark cycle for 30 generations prior
to experiments. Flies were maintained in 8 oz polypropylene stock bottles on standard cornmeal-
molasses-yeast agar supplemented with raspberries. While food was still warm and unset, a
frozen raspberry was added to the media. When food cooled, the raspberry was thawed and
embedded in the media.
Effect of photoperiod and long-term acclimation on ovary development

Experimental D. suzukii individuals were obtained by placing five male and five female
parents D. suzukii on raspberry supplemented media in polystyrene vials at 23°C on a 12-hour
light:dark cycle and allowing females to lay eggs for 48 hours before being removed.
Experimental flies were collected at a maximum of 8 hours post eclosion by discarding any
hatched experimental flies at 8 am and removing any flies a total of 8 hours later on the same day
(Saunders et al. 1989; Zhai et al. 2016). The experimental flies were briefly anesthetized with
CO; and sorted by sex and males were discarded.

Experimental females were transferred to vials grouped by eclosion day to treatment
incubators set at 15°C and were maintained for 21 days. We measured the effect of photoperiod

using two treatments. The long-photoperiod treatment consisted of a 14:10 hour light:dark cycle,
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and the short-photoperiod treatment consisted of a 10:14 hour light:dark cycle (Fig.
4.1A). Long- and short-photoperiod treatments were conducted in separate incubators. To
ensure conditions were comparable between the two incubators, a light-proof control box was
built and placed in the short-photoperiod incubator. Females in the control box experienced a
long-photoperiod treatment. Each treatment received an equal number of experimental females
per eclosion day. A total of 32 females were exposed to the long-photoperiod treatment; 13
females were exposed to the short-photoperiod treatment. After the incubation period, all
experimental females were preserved at -80°C until ovaries were dissected.

Dissections were done using 1 x PBS/0.14% Triton solution with Dumont No. 5 Inox
alloy forceps. Ovary width and length was measured using an ocular micrometer, and ovary
development was classified according to three categories. Immature ovaries were 0 - 0.40 mm
wide and 0 - 0.50 mm long with fewer than two maturing eggs visible within the ovarioles.
Developing ovaries were 0.41 - 0.55 mm wide and 0.51 - 0.70 mm long with more than two
maturing eggs. Developed ovaries were 0.56 - 0.95 mm wide and 0.71 - 1.1 mm long and nearly
all ovarioles contained maturing eggs.

Effect of temperature on ovary development

To determine the effect of developmental and long-term acclimation on ovary
development independent of photoperiod, parent flies were set up as described above and all
experimental females were maintained on a 12-hour light:dark cycle. Ten vials of approximately
20 eggs each were allowed to develop at either 11°C, 15°C, or 23°C. Once eclosion occurred, the
flies were briefly anesthetized with CO, before being sorted by sex and males were discarded.
Experimental females were transferred to vials grouped by eclosion day. Females of the same

eclosion day that developed at 11 or 15°C were maintained at their developmental temperature
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for 21 days to test the effect of developmental acclimation on ovary development (Fig. 4.1B).
Females of the same eclosion day that were reared at 23°C were shifted within eight hours of
emergence to 11°C for 21 days to test the effect of long-term adult acclimation on ovary
development. A control set of females was maintained at 23°C during both development and 21
days post eclosion. After the 21-day incubation period, all of the females were preserved at -
80°C until ovaries were dissected. Ovaries were dissected, measured, and classified according to
developmental level as described above. A total of 17 females were developmentally acclimated
at 11°C, 19 females were developmentally acclimated at 15°C, 20 females were long-term
acclimated at 11°C, and 20 females were maintained at the control temperature of 23°C.

Effect of temperature on adult survival

To determine the effect of cold temperature stress on survival, five males and females
were allowed to lay eggs on media supplemented with raspberries for four days at 23°C. After
this period parents were removed, experimental flies were reared at 23°C, and adults were
collected on the third day of eclosion. Experimental flies were sorted by sex with light CO,
anesthesia. Flies were allowed to recover and mature for five days at 23°C with 10 same-sex
individuals per vial.

Survivorship was measured following exposure to one of two experimental
treatments: Acclimated flies were exposed to 4°C for two hours immediately prior to a one hour
-6°C cold stress (Fig. 4.1C). Non-acclimated flies were exposed to the one-hour -6°C cold stress
without a pretreatment (Fig. 4.1D). Temperature treatments were used following Gerken et al.
(2015). Once the cold stress treatment was completed, flies were transferred to fresh raspberry
supplemented media and allowed to recover for 24 hours at 23°C, at which point survivorship

was determined as the proportion of flies alive in each vial. Flies were determined to be alive if
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they were capable of walking and/or flying. A total of 106 vials were tested (53 acclimated and
non-acclimated vials).
Data Analysis

Both ovaries were measured in each female and used to calculate the average ovary
length and width for each female. To summarize the variation in ovary length and width, we
calculated the product of these measures to approximate ovary size. We assessed normality and
homoscedasticity for ovary size and survival following temperature stress. Residuals of ovary
size were not normally distributed (W = 0.91, P < 0.001) but were homoscedastic (Fs5,;;5 = 0.83,
P =0.53). We used a square-root transformation to improve the violation of normality for ovary
size (W =10.97, P=0.01; Fig. 4.2). Because the ovaries of females from the photoperiod control
box were not different from ovaries of females treated in the long photoperiod incubator (£ 39 =
0.13, P = 0.72), these ovaries were combined for analysis of the effect of photoperiod on ovary
size. The effects of photoperiod and temperature on ovary size were analyzed with one-way
analyses of variance, and post hoc comparisons were performed to compare the influence of each
treatment on ovary size.

Because quantitative differences in ovary size due to photoperiod and temperature
treatment may not fully reflect the level of ovary development under the treatment conditions,
we also compared the frequency of ovaries classified as developed, developing, or immature
following each photoperiod and temperature treatment. Differences in frequency of ovaries
classified as developed, developing, and immature were tested using a contingency table analysis
for each experiment. To test the effect of photoperiod on ovary development when females were
long-term acclimated at 15°C, we performed a two (long versus short photoperiod) by three

(developed, developing, and immature ovaries) contingency table analysis. To test the effect of
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acclimation treatments without altered photoperiod on ovary development versus the control
females reared and maintained at 23°C, we performed a four (dev. acclimation at 15°C, dev.
acclimation at 11°C, long-term acclimation at 11°C, and control) by three (ovary development)
contingency table analysis. To determine if differences in the frequency of developed,
developing, and immature ovaries existed between different types of acclimation and versus the
control, we used post hoc pairwise comparisons to compare each acclimation treatment to the
control, and between the different types of acclimation (Table 4.1). The test statistic for pairwise
post hoc analyses was adjusted for multiple comparisons using the Bonferroni correction (o0 =
0.0083). All analyses were conducted in R (Wickham 2009; Hope 2013; R Core Team 2015).
Residuals of survival following the acclimated and non-acclimated cold stress treatments
were also not normally distributed (W = 0.92, P < 0.001) but were homoscedastic (F; ;94 = 2.45,
P =0.14). Arcsine transformation of the proportion of individuals that survived per vial did not
improve the violation of normality. Therefore, we analyzed the effect of sex and treatment on the
survival data (analyzed as alive or dead for each individual) with a general linear model with a
binomial error distribution and logit link function in the R package MASS (Venables and Ripley
2002). Post-hoc comparisons were assessed using Tukey’s HSD with an experiment-wide o =

0.05.

Results

Photoperiod and acclimation (developmental and long-term) significantly influenced
ovary size (Fs ;5 = 32.94, P > 0.001; Fig. 4.3A). Post hoc comparisons of the treatments
indicated that reduction in ovary development and size was observed as a result of photoperiod

and acclimation treatments relative to control females that had been maintained at 23°C on a
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12:12 light:dark cycle. While the control treatment was not directly consistent with natural,
summer-like conditions, it is consistent with the conditions experienced by females during the
30-generation period post collection, and so reflects ovary development in females experiencing
non-stressful, permissive conditions.
Effect of photoperiod on ovary development

Females reared at 23°C and subsequently long-term acclimated at 15°C for 21 days under
different photoperiods had significantly reduced ovary size relative to the control (adj. P <0.001,
Fig. 4.3A). Variation in photoperiod also resulted in a significant difference in ovary size for
females that were reared under long or short photoperiods (adj. P < 0.05; Fig. 4.3A). On average,
ovaries were significantly larger in females reared under a long photoperiod that was more
similar to summer conditions (Fig. 4.3A). When females were reared under the short photoperiod
more consistent with winter conditions, ovaries were significantly smaller (adj. P < 0.05; Fig.
4.3A). Consistent with our quantitative estimate of ovary size, contingency table analysis showed
that exposure of females to a long photoperiod with long-term acclimation at 15°C significantly
increased the frequency of developed and developing ovaries, while exposure to the short
photoperiod under the same thermal conditions increased the frequency of immature or
developing ovaries (X° = 15.38, df = 2, P < 0.001; Table 4.1, Fig. 4.3B). Because experimental
females were long-term acclimated under both the long and short photoperiods at a constant,
relatively cool temperature (15°C) and 50% of females had developed ovaries under long day
conditions (Fig. 4.3B), the resulting difference in ovary size and level of development indicates
that variation in photoperiod interacts with exposure to cool temperature and has the potential to
reverse the effects of long-term acclimation to a cool temperature on reduced ovary

development. Further, because these responses were examined in a low genetic diversity
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population, the shift in ovary size following changes in the photoperiod suggests that ovary
development responded plastically to the photoperiodicity of the environment experienced by the
female.
Effect of temperature on ovary development

We tested the effect of developmental acclimation at 11°C, developmental acclimation at
15°C, and long-term acclimation at 11°C (reared at 23°C, adults shifted to 11°C) on ovary
development under 12:12 hour photoperiod. Both developmental and long-term acclimation in
the absence of altered photoperiod significantly influenced ovary size relative to the control (adj.
P <0.001; Fig. 4.3A). When ovary size was considered as a quantitative variable, there were no
differences in ovary size between the developmentally acclimated and long-term acclimated
females (all adj. P > 0.05; Fig. 4.3A). Similarly, when the developmental category of the ovaries
was considered via contingency table analysis, we found that level of ovary development
differed among the control, developmentally acclimated, and long-term acclimated females (X° =
76.98, df = 6, P < 0.0001; Fig. 4.3B; Table 4.1). Pairwise comparisons of each temperature
treatment showed that developmental acclimation at 15 and 11°C resulted in significantly
reduced ovary development relative to control females (15°C dev. acclimation: X° = 31.72, df =
2, P<0.0001; 11°C dev. acclimation: X° = 37.0, df=2, P <0.0001; Fig. 4.3B; Table 4.1) as did
the long-term acclimation treatment at 11°C (X° = 36.19, df = 2, P < 0.0001; Fig. 3B; Table 1).
Developmental acclimation at 15°C did not significantly alter ovary development relative to
developmental acclimation at 11°C (X7 = 5.02, df =2, P =0.08; Fig. 4.3B; Table 4.1), nor did
developmental acclimation at 11°C relative to long-term acclimation at 11°C (X° = 3.39, df = 2,
P =0.18; Fig. 4.3B; Table 4.1). However, developmental acclimation at 15°C did result in more

ovary development relative to long-term acclimation at 11°C (X* = 10.56, df = 2, P = 0.005; Fig.

134



4.3B; Table 4.1). Overall, these results suggest that developmentally acclimated females were
more likely to have some developing or developed ovaries while long-term acclimated females
had almost exclusively immature ovaries.

The significant effect of acclimation on ovary development indicated that both
developmental and long-term exposure to cool temperatures of 11° and 15°C in the absence of
variation in photoperiod was sufficient to stunt ovary development. Further, it is clear that long-
term acclimated females that were reared from egg to adult at 23°C and then transferred to 11°C
for 21 days were capable of a more drastic plastic response to a shift in temperature compared to
females that were developmentally acclimated. This suggests that both gradual and abrupt
changes in environmental temperature have the potential to induce quiescence of ovary
development. Finally, when ovary size in females exposed to a short photoperiod and long-term
acclimated at 15°C was compared to that of thermally acclimated females (developmentally or
long-term) without variation in photoperiod, reduction in ovary size was similar (adj. P > 0.05;
Figure 4.3A) suggesting that change in temperature was sufficient to induce a diapause-like
phenotype without reduced photoperiod.

Effect of temperature on survival

The effect of cold stress treatment on survival was highly significant; the non-acclimation
cold stress resulted in poor survivorship, while the acclimation cold stress significantly improved
survival (frrr=1.38 +/- 0.2, z = 8.6, P < 0.001; Fig. 4.4). While the effect of sex was significant
(Bsex = 1.50 +/- 0.4, z = 4.0, P < 0.001; Fig. 4.4), there was no sex by treatment interaction
(Brersex = -0.66 +/- 0.5, z = -1.4, P = 0. 15; Fig. 4.4). Thus, D. suzukii adults, when reared at

23°C similar to summer conditions, had very low cold tolerance; however, the marked increase
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in survival following the short-term hardening treatment demonstrates that adults have the

capacity to respond plastically to cold temperature variation.
Discussion

Temperature fluctuations that occur through seasonal shifts can limit the spread of
invasive species that are sensitive to thermal stress. Therefore, phenotypic plasticity is a critically
important mechanism that can facilitate the spread of invasive species into temperate habitats
(Richards et al. 2006; Lardies and Bozinovic 2008; Davidson et al. 2011; Kleinteich and
Schneider 2011; Lamarque et al. 2013). Natural populations of D. suzukii in the northern USA
and southern Canada respond to seasonal drops in temperature and shortening of photoperiod
through diapause and increased cold tolerance, suggesting that D. suzukii spread through
temperate North America has been facilitated by the capacity to respond to cold temperature
(Jakobs 2014; Jakobs et al. 2015; Stephens et al. 2015; Ryan et al. 2016; Shearer et al. 2016;
Wallingford and Loeb 2016; Wallingford et al. 2016). In D. melanogaster, the induction of
diapause varies with latitude through the USA, with flies collected from Florida being generally
less sensitive to diapause-inducing temperatures and photoperiod compared to flies collected
from Maine (Schmidt et al. 2005). The recent introduction and rapid spread of D. suzukii through
the temperate USA and Canada makes this species an interesting model to understand the role of
variable thermal regime in successful establishment and persistence of populations across a range
of latitude.

The purpose of our study was to determine the relative importance of variation in
photoperiod and acclimation to cool temperatures on the reduction in ovary development. Our
study is unique in that we focus on a recently established population from Topeka, Kansas

(USA), where D. suzukii had not been detected until 2013 and has since been sustained
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(Everman et al. 2015). Our study is also unique in that we used a low genetic diversity
population that allowed us to specifically test the capacity of D. suzukii to respond plastically to
rearing and adult treatment conditions. As a result, we provide insight into the capacity of a
recently established population to adapt and respond plastically to seasonal and daily temperature
variation in a mid-latitude temperate region.

We found that both ovary size and development were significantly influenced by
photoperiod and both developmental and long-term acclimation to cool (11°C) and moderately
cool (15°C) temperatures. Because we were examining these responses in a low genetic diversity
population, it is clear that phenotypic plasticity contributed to these photoperiod- and
temperature-induced changes in ovary development. When females were developmentally
acclimated and maintained at 11° or 15°C, ovary size was greatly reduced (Fig. 4.3A); however,
while the quantitative reduction in size was comparable between females developmentally
acclimated at 11° and 15°C, the proportion of immature, developing, and developed ovaries was
marginally different (Fig. 4.3B). We found that females reared and maintained at 11°C tended to
have a greater proportion of immature ovaries and no developed ovaries compared to the females
reared and maintained at 15°C (Fig. 4.3B). This increase in the proportion of immature ovaries in
11°C developmentally acclimated females is consistent with other reports that diapause in D.
suzukii is closely tied to environmental temperature in natural populations (Wallingford et al.
2016; Zhai et al. 2016).

A similar temperature-dependent change in ovary development was observed in long-
term acclimated D. suzukii originating from native populations in China (Zhai et al. 2016). Zhai
et al. (2016) demonstrated that the proportion of females with immature ovaries increased when

females were long-term acclimated at gradually decreasing temperatures. In this native
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population, long-term acclimation of adult females to 15°C under a 12:12 photoperiod resulted in
levels of delayed ovary development that are similar to that of females developmentally
acclimated at 15°C in our study. In contrast, D. suzukii originating from populations in New
York and Oregon at higher latitude did not exhibit a marked reduction in ovary development
when females were developmentally acclimated at 15°C relative to controls (Wallingford and
Loeb 2016; Wallingford et al. 2016), nor did females collected in Ontario, Canada that were
exposed to long-term acclimation or fluctuating environment conditions that simulated fall
temperatures and photoperiod (Jakobs 2014). The degree to which ovary reduction varies among
the invasive populations sampled suggests that, while diapause is likely to occur across latitude
when females experience cooler temperatures and shorter photoperiod, the temperatures at which
the initial shift occurs are influenced by latitude.

In our study, long-term acclimation at 11°C with a 12:12 photoperiod resulted in the
greatest reduction in ovary development, leading to a significantly higher proportion of immature
ovaries than in females that were developmentally acclimated at 15°C. Exposure of newly
eclosed adults to a shift to cold temperature is a strong cue to induce diapause (Saunders et al.
1989), and a strong effect of long-term acclimation on ovary development is consistent with
results previously reported for New York and China populations of D. suzukii (Wallingford and
Loeb 2016; Wallingford et al. 2016; Zhai et al. 2016). This suggests that exposure of maturing
adult females to cool temperatures is sufficient to impair ovary development across a range of
latitudes. The sharp reduction in ovary development in females that were reared at 23°C and then
maintained at 11°C may be relevant for understanding how natural populations respond to the
transition between summer and fall. For example, females in natural populations during this

transition would likely have developed under warm summer-like conditions, but may be faced
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with much cooler temperatures as adults. The ability to plastically alter reproductive strategy
would allow these females to survive increased fluctuation in daily temperature and potentially
overwinter as diapausing adults (Stephens 2015; Shearer et al. 2016; Wallingford and Loeb
2016; Wallingford et al. 2016).

Photoperiod also plays an important role in the induction of diapause in nature in
response to seasonal change (Kimura 1988; Saunders et al. 1989; Vesala and Hoikkala 2011;
Wallingford et al. 2016; Zhai et al. 2016). In our study, females exposed to long-term
acclimation at 15°C under a short photoperiod had remarkably similar levels of reduced ovary
development compared to females that were developmentally acclimated at 15°C under a 12:12
hour photoperiod (Fig. 4.3B). Though there was a significant difference between the control
females and females that experienced the long photoperiod, that 50% of the long photoperiod
females had fully developed ovaries suggests that the significant difference may not be
biologically meaningful. The tendency for a larger proportion of developed ovaries in this
treatment might be indicative of a benefit for females in populations at the beginning of spring.
In invasive populations of D. suzukii in North America, more females are observed early in
spring when temperatures are gradually warming and photoperiod is lengthening (Dalton et al.
2011), whereas in Italy, invasive populations are composed primarily of males early in the spring
(Rossi-Stacconi et al. 2016). The increase in the proportion of developed ovaries that appears to
accompany longer photoperiod in long-term acclimated females could therefore facilitate early
reproduction of this species in North America during the spring, especially given that D. suzukii
females may store sperm and are capable of ovipositing viable eggs following an extended

cooling period (Ryan et al. 2016). The ability of females to respond plastically to environmental
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variation in terms of both thermal acclimation and photoperiod has likely aided in their invasion
of North American habitat.

Capacity for diapause alone is likely not sufficient population persistence following
seasonal temperature changes. An increase in cold tolerance accompanies most examples of
reproductive senescence in D. suzukii (Shearer et al. 2016; Wallingford and Loeb 2016;
Wallingford et al. 2016; Zhai et al. 2016), and it is probable that this increase in cold tolerance is
due to a combination of acclimation and adaptation to seasonal shifts in temperature (Bergland et
al. 2014a). Developmental acclimation, long-term acclimation, and short-term hardening have
been repeatedly shown to increase survival following cold stress in many ectothermic species
(Kimura 1988; Coulson and Bale 1992; Hoffmann et al. 2003c; Sinclair and Roberts 2005;
Geister and Fischer 2007; Basson et al. 2012; Jakobs et al. 2015; Stephens 2015). However,
when Jakobs and colleagues (2015) examined the short-term hardening response in D. suzukii in
flies collected from Ontario, Canada, exposure to a short hardening treatment did not improve
survival following cold stress. Their data suggest D. suzukii has little capacity for acclimation at
the level of daily temperature fluctuations. However, in our study, D. suzukii individuals exposed
to a very similar short-term hardening treatment had significantly higher survival following cold
stress relative to non-acclimated individuals (Fig. 4.4). The lack of a short-term hardening
response in a northern population and presence of a strong acclimation response coupled with
low cold tolerance in our central plains population may by indicative of latitudinal variation in
the capacity to plastically respond to short-term cold acclimation.

It is possible that the differences in short-term hardening capacity between flies collected
in Canada and Kansas are due to a trade-off between cold tolerance and plasticity. Comparisons

of plasticity and basal levels of cold tolerance often result in a negative correlation between these
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two traits, where cold tolerant individuals have low capacity for plasticity and vice versa (Kellett
et al. 2005; Nyamukondiwa et al. 2011; Gerken et al. 2015). Overall, in Kansas D. suzukii
populations typically experience milder winters and longer, warmer summers relative to
populations established in New York, Michigan, or Canada where flies are generally more cold
tolerant (Jakobs et al. 2015; Stephens et al. 2015; Wallingford and Loeb 2016). If there is a
constraint between maintaining the capacity for plasticity and basal levels of cold tolerance, the
weaker selection pressure on basal cold tolerance may allow greater capacity for plasticity to be
maintained, as the ability to respond positively to short-term hardening can have positive effects
on reproductive fitness (Shreve et al. 2004). The effects of developmental and long-term
acclimation and photoperiod on ovary development tie into this relationship between increased
capacity for plastic responses in Kansas females as we show that relatively mild temperature
(15°C) is sufficient to induce a diapause-like phenotype, and the degree of development can
influenced by a shift in photoperiod alone.
Conclusions

Responses to thermal variation are not constant over geographic distributions of species
(Hoffmann and Watson 1993; Hoffmann et al. 2002), and have been shown to be particularly
variable for insect species (Sinclair et al. 2012). D. suzukii has become a highly successful
invasive pest that appears to have established populations throughout the United States and
Canada that survive overwintering periods of the temperate seasons. For these populations to
persist, individuals must either adapt to novel thermal environments that vary in seasonally
predictable ways, respond through phenotypic plasticity, or use a combination of these strategies.
While the region affected by the invasive distribution of D. suzukii can be broadly described as

primarily temperate, it is important to note that within the latitudinal gradient of the temperate
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region that spans from Canada through the United States, a gradient of seasonal and daily
variation in temperature exists. In order to fully understand the success of invasive species that
are hypothesized to be temperature-limited (Kimura 1988; Stephens et al. 2015), it is important
to account for variation in the adaptive and phenotypic plasticity strategies that characterize
populations over the span of their distribution.
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Figure 4.1 Diapause and survival treatments used to test the effect of (A) photoperiod and (B)
developmental and long-term acclimation on ovary development and to test the effect of (C)
acclimation and (D) cold shock without acclimation on survival. A. Females were exposed to a
short (10 hour; light yellow shading) or long (14 hour; light and dark yellow shading combined)
photoperiod while being long-term acclimated as adults at 15°C for 21 days post eclosion. Grey
shading indicates “lights off”. “Lights on” occurred each day at 07:00 hrs. B. Females were
either developmentally acclimated at 15°C (dashed line) or 11°C (dotted line), or were long-term
acclimated as adults at 11°C (solid line) for 21 days after development at 23°C. Dark blue
shading indicates the rearing conditions; light blue indicates the post-eclosion conditions.
Females experienced a 12:12 hr photoperiod that began at 07:00 hrs each day. C. Adult flies
were exposed to an acclimation treatment (4°C) for two hours prior to cold shock (-6°C) for one
hour and were allowed to recover for 24 hours at the rearing temperature (23°C) before survival
was assessed. D. Adult non-acclimated flies were exposed to the cold shock temperature (-6°C)
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for one hour and were allowed to recover for 24 hours at the rearing temperature (23°C) before
survival was assessed. In both C and D, shading indicates the timing of the 12:12 photoperiod.
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Figure 4.2 Residuals of ovary size shown as a histogram (A) and QQplot (B) following square
root transformation.
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Figure 4.3 Ovary size and developmental stage were influenced by photoperiod variation and
developmental and long-term acclimation. A. D. suzukii females that experienced a summer-like
photoperiod had larger ovaries than females that experienced a winter-like photoperiod (asterisks
indicate significant comparisons, adj. P < 0.05). Females that experienced either developmental
or long-term acclimation without a modified photoperiod (15C Dev. Acclimated, 11C Dev.
Acclimated, and Long-term Acclimated) had ovaries that were significantly smaller than those of
control females (adj. P < 0.001). Developmentally and long-term acclimated females did not
differ in ovary size in the absence of an altered photoperiod (adj. P > 0.05). Long-term
acclimated females at 15°C under a long day photoperiod had ovaries that were larger than all
other treated females (adj. P < 0.001). All measurements are given in mm” following square root
transformation. The filled box indicates the control treatment. B. Ovaries of females were
designated as immature (dark grey), developing (medium grey), or developed (light grey) varied
among the treatments. Short photoperiod variation combined with long-term acclimation at 15°C
resulted in a higher proportion of immature ovaries compared to females that experienced the
long day (adj. P < 0.0001). Acclimation in the absence of photoperiod variation influenced ovary
development compared to control as well (adj. P < 0.001).

146



1.00 ° )
H
s
0.754 ®
°
> )
=
S
(,5) Sex
c 0.501 E F
i)
= E M
o
o
e
o 0.25
)
0.00 A )
Non-acclimated Acclimated

Treatment

Figure 4.4. The proportion survived of adult D. suzukii reared and maintained at 25°C was
significantly influenced by acclimation and non-acclimation cold stress treatments. While flies
were generally highly susceptible to the non-acclimation stress, acclimation greatly improved
survival for both sexes. The y-axis shows the average proportion of the ten individuals per vial
that survived. Females are shown as filled boxplots; males are shown as open boxplots.
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Table 4.1 Chi-square post hoc comparisons of ovary developmental stage (family-wise a

0.05).

Experiment Comparison X’ df P value

Photoperiod Long x Short photoperiod 15.38 2 0.0005
Control x 15 DAx 11 DAx 11 LT 76.98 6 <0.0001
Control x 15 DA 31.72 2 <0.0001
Control x 11 DA 37.0 2 <0.0001

Temperature Control x 11 LT 36.19 2 <0.0001
15DAx 11 DA 5.02 2 0.08
ISDAx 11 LT 10.56 2 0.005
11 DAx11LT 3.39 2 0.18

DA = Developmental Acclimation
LT = Long-term Acclimation
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Chapter 5 - Synthesis

Each of the studies presented in this dissertation are quite different in topic and approach,
but they are all tied together in that they each provide a depiction of how natural, diverse
populations respond to the complexities of environmental variation. The usefulness of
Drosophila melanogaster and similar species for understanding short and long term evolutionary
processes and the genetic architectures of complex traits is abundantly clear through these
studies, and these findings certainly apply to D. melanogaster in natural temperate populations.
At the same time, these findings have much broader applications and implications for natural
communities of diverse species. The thermal environment has broad influences on how
organisms behave, reproduce, forage, and survive, and this research reveals that these responses
are further influenced by age and genetic capacity to tolerate thermal stress.

A major theme throughout my research is the influence of seasonal variation in
temperature on fitness. Cyclical patterns in selection pressure as a result of seasonal change in
temperature have measurable effects on thermal tolerance of wild flies that are predicable and
consistent across years. The degree to which average cold tolerance varies through the season
seems directly tied to the average temperatures of the season. For example, during more variable
years, the change in thermal tolerance through the season was greater compared to less variable
seasons. Average thermal tolerance was influenced in similar ways as well. These data provide
clear evidence that mismatch between phenotype and environment is likely through the season,
especially as adult individuals adapted for one thermal environment experience the transition
between late summer and fall. However, accompanying variation in phenotypic plasticity

appears to be important for reducing this mismatch.
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For D. melanogaster populations, the capacity for acclimation to compensate for seasonal
change likely increases the probability that populations will persist over multiple years. It is also
likely that variation in the genetic capacity for acclimation played an important role in the spread
and persistence of D. melanogaster in temperate regions. These hypotheses and observations
readily apply to other systems of small ectothermic species—especially those that have multiple
generations per season and year. Native species must respond to and cope with thermal variation
as well, and in the broader context of climate change, native and invasive populations alike will
be faced with novel and increasingly variable thermal regimes. The capacity for short-lived
organisms to respond to variation in selection pressure from the thermal environment with
respect to tolerance and plasticity will likely be important as populations experience predicted
changes in climate. As indicated in Chapter 4, we can gain insight into these patterns by taking
advantage of the recent invasion history of D. suzukii in North America. As D. suzukii becomes
established across a broad latitudinal gradient, variation in thermal regime will likely result in
adaptation and shifts in capacity for phenotypic plasticity in this species that mirror the processes
observed in D. melanogaster and other similar ectothermic species.

Seasonal variation can also lead to interesting patterns in the demographic structure of
populations. For those species that experience reproductive quiescence during winter months, the
warming period experienced during the spring can result in a synchronized increase in
reproduction. My research indicates clearly that age typically has a negative influence on fitness
when assessed through stress tolerance, and many others have demonstrated similar patterns with
respect to other aspects of fitness. The combined influences of seasonal variation in thermal
selection pressure and age pose potential challenges for adult individuals as they experience the

transition between summer and fall. However, I also found that phenotypic plasticity increases
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with age, and similar to our observations that acclimation capacity can compensate for seasonal
change, this finding suggests that plasticity can also compensate for age-related decline in stress
tolerance.

When the genetic control of stress tolerance was examined across age, it became evident
that age-related decline in stress tolerance is influenced by a combination of polymorphisms that
have increasingly negative effects across age as well as non-independent genetic architectures
with a range of pleiotropic effects. In light of these data, the previous consideration of mutation
accumulation and antagonistic pleiotropy as a dichotomy appears less useful—age-related
change in genetic control of phenotypes may ultimately be more accurately described by varying
degrees of pleiotropy. Furthermore, the effects of polymorphisms on a phenotype are influenced
by environment through phenotypic plasticity, and so these patterns suggest that the specific age-
related changes in polymorphisms that were observed in Chapter 2 are subject to environmental
variability. One hypothesis that therefore emerges from this research is that the specific
polymorphisms and effects will vary across seasons, populations, and environments. However,
the broad-scale patterns observed with regard to pleiotropy and shifts in genetic architecture are
likely to be upheld and present a hypothesis of interest for future research.

My research also makes important contributions to the broader understanding of how
thermal variation influences reproductive components of fitness. Organisms must be able to
function beyond survival in variable environments, and reproductive behavior is an important
component of fitness that should be taken into account. Environmental cues that lead to
physiological plasticity can have diverse influences on behavioral plasticity as well. Of particular
interest are cues that have positive effects on some components of fitness and negative effects on

other components. Acclimation, which usually increases survival in thermally stressful
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environments tends to have a negative effect on reproductive behavior of males. While it is
unclear which aspect of male courtship behavior is influenced by stress, it is clear that genetic
capacity for physiological response influences the behavioral response to thermal cues. As with
patterns observed in terms of survival following seasonal thermal variation and age-related
change, capacity for plasticity seems to lead to increased fitness under certain environmental
conditions. In essence, when flies experience constant conditions similar to warmer months when
daily variation in temperature is reduced, flies with greater genetic capacity for acclimation mate
more quickly. Looking back to patterns observed in Chapter 1, it is possible that the increase in
developmental acclimation observed for individuals collected during warmer months is in part
influenced by increased reproductive success of males that have increased capacity for
acclimation. This tie between seasonal patterns acclimation capacity and reproductive fitness is
likely much more complicated, but because the data presented herein span a great breadth of
genetic and environmental variability, these broad patterns are observable and can be used to
motivate future research.

My dissertation research was motivated by an interest in understanding how complex
populations of diverse individuals respond to environmental variability. Each chapter provides
insight into a unique aspect of this general goal, and while providing illuminating answers to
important questions, more questions arise in the wake of these studies. I look forward to using

this insight to pursue related research in the future.
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Appendix A - Chapter 2 Supplemental Table Legends

Note: Tables are available as external supplemental files.
Table A.1 DGRP lines included in each experiment.
Table A.3 Mean responses for each phenotype by DGRP line, age, and sex.

Table A.5 Data from GWAS, generated by DGRP Freeze 2.0 pipeline, based on Flybase release
5.49. Functions are highlighted in colors to indicate previous associations: yellow = age or
lifespan-related genes; blue = cold response-related genes; red = starvation response or
sensitivity related genes; orange = age and starvation; green: age and cold; purple: starvation and

cold; grey: starvation, age, and cold. Unless otherwise noted functions were provided by FlyBase
Curators et al. 2004.
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