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Abstract
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The aim of the work presented in this thesis is to investigate how costly adaptations promoted by
sexual selection affect fertility and offspring quality through changes in germline maintenance.
Germline maintenance, comprising mechanisms maintaining DNA-integrity and homeostasis
within germ cells, is known to be costly and, therefore, may trade-off with other costly
reproductive traits that are under sexual selection. However, sexual selection may also act
on condition dependent traits that reflect the overall genetic quality of its bearer, in which
case sexual selection for high quality mates may lead to improved germline maintenance.
Using experimental evolution lines of the seed beetle Callosobruchus maculatus, evolving
under three different mating regimes that manipulated the opportunity for sexual and natural
selection, I show evidence indicating that sexual selection can lead to improved germline
maintenance through selection on condition dependent traits. However, I also found evidence for
the alternative hypothesis, suggesting that when sexual selection is much stronger than natural
selection it may lead to excessive investment into mating traits that trade-off with and reduce
germline maintenance. We present an RNA expression analysis suggesting 18 candidate genes
responding to DNA-damage and sociosexual interactions that may be involved in trade-offs
between sexual selection and germline maintenance. I also found that the fertility of males
and females that evolved under intense sexual selection was more sensitive to heat stress,
and male sensitivity of fertility to heat stress was genetically correlated to sperm competitive
ability. This suggests a trade-off between male postcopulatory reproductive success and the
thermal sensitivity of fertility. The increased sensitivity to heat was also reflected in the fertility
of females, suggesting that female heat tolerance may have evolved via genetic correlations
with sexually selected male reproductive traits. The work presented in this thesis shows that
sexual selection indeed affects germline maintenance. Sexual selection can increase germline
maintenance through selection on condition dependent traits. But at the same time, traits under
sexual selection can trade off with aspects of germline maintenance. If traits evolved under
sexual selection and only weak constraints by natural selection, evolved allocation shifts in
response to sexual selection can lead to deleterious repercussions when stressful environmental
conditions increase demands on germline maintenance. The results presented in this thesis
highlight important aspects of how sexual selection affects condition dependent germline
maintenance with significant implications for the maintenance of genetic variation, adaptive
processes, and mate choice processes in species under sexual selection.
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Preface 

My vision for this thesis is to include something for everyone. That includes 
researchers from fields for which the work presented in the papers is relevant, 
but also my friends and family. Therefore, I wrote the introduction in a way 
that, I hope, is understandable for a wider audience. I assume that people with 
a professional interest in the results and their implications will not find much 
new information in this part anyway (if that applies to you, feel free to start 
reading at “The aim of the thesis and individual papers”). When describing 
the aim of the thesis and the used methods, summarising the individual papers, 
and discussing the implications of the findings for further research, I assume 
that my readership has a bit more prior knowledge and adapt my writing ac-
cordingly. That said, I hope you enjoy reading this thesis, especially the part 
of it that is meant to be read by you.  
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Introduction 

The germline and its maintenance 
For most organisms on earth the meaning of life is to reproduce, and evolu-
tionary processes generally improve the ability to do so. Multicellular, sex-
ually reproducing species have a special group of cells that are determined to 
become the vehicles in which genetic information is passed down to the next 
generation (Nieuwkoop & Sutasurya, 1979). In other words, these cells will 
become sperm or egg cells. However, sperm and egg cells are highly special-
ised cells and undergo many divisions and steps of differentiation from stem 
cell to functional sperm or egg (de Kretser et al., 1998). Throughout this pro-
cess, there is potential for error. Mistakes during DNA replication at every cell 
division pose a risk for mutations, which usually have negative consequences 
in offspring (more on this below). Furthermore, cells need to maintain stable 
conditions to avoid the occurrence of mutations and survive, which is partic-
ularly important in the case of the stem cells, but also for cells undergoing 
differentiation, to be able to remain functional (Nelson et al., 2019). Maintain-
ing stable conditions under environmental stress, such as for example partic-
ularly hot or cold temperatures, can be challenging for the cells. Here, I use 
the term germline maintenance overarching for mechanisms of the cell to 
maintain DNA integrity and supress mutations, and for mechanisms with the 
function to maintain a stable environment within cells on their way from stem 
cell to gamete. The aim of the work presented in this thesis was to investigate 
how sexual selection and sperm competition affect germline maintenance 
across benign and stressful environments. 

Mutations 
Mutations are the fuel of evolution. Quite literally. Together with recombina-
tion, mutations are the source of the arguably most important type of variation 
in nature – heritable genetic variation. Every permanent change to the se-
quence of the genetic code of an organism is considered a mutation. However, 
not all mutations are relevant from an evolutionary point of view. Evolution-
ary biologists, usually, only focus on mutations that can be passed on to future 
generations. In most animals, such as mammals for example, mutations that 
happen in cells of the body that are not becoming either sperm or egg cells 
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down the line are, evolutionarily, irrelevant as they get lost with the death of 
the individual that carries them. From here on, the word mutation refers to 
mutations in the germline. 

Against a common misconception, most mutations do not lead to a percep-
tible change in phenotype. Many mutations happen in areas of the genome that 
are not carrying any genes, known as non-coding regions, where mutations 
usually do not have any effects at all (Hodgkinson & Eyre-Walker, 2011). 
Most mutations that happen in coding areas have very small and most often 
negative effects for the organism (Eyre-Walker & Keightley, 2007). Further-
more, if a mutation happens in a coding area there are further measures in 
place to reduce the severity of the average effect of a mutation. Examples are 
the redundancy of the genetic code (more than one codon encode the same 
amino acid) and the third codon position, known as the wobble position, that 
binds more loosely and allows for non-Watson-Crick base pairs, further in-
creasing the redundancy of the code (Nirenberg et al., 1966; Nirenberg & Le-
der, 1964). Biologists differentiate between synonymous and non-synony-
mous mutations. The former do not alter the amino acid sequences encoded 
by the genetic code. The latter lead to changes in the amino acid sequence of 
proteins, at which point the mutation may have effect on the functionality of 
the protein, ultimately affecting fitness of the organism. A very big part of the 
coding areas of the genome of all organisms consists of elements that are 
highly conserved since a very long time, which, from an evolutionary perspec-
tive, means that they are working well, and it is hard to come by with a change 
that leads to an improvement of functionality (Kunin et al., 2005). It also 
means that the chance to disrupt or impede a functioning process is consider-
able. In many cases, mutations occurring in genes coding for proteins that are 
central to important processes lead to severe consequences (Scacheri & 
Scacheri, 2015). Sometimes so severe that the organism is not able to survive 
at all. Fortunately, in diploid organisms there may still be a chance for sur-
vival. Diploid organisms carry their entire genome (except for sex chromo-
somes in one of the sexes) in duplicate, one copy from the mother and one 
copy from the father. If, for example, the father transmits a gene with a lethal 
mutation to his offspring, but the mother transmits a functioning copy of the 
same gene, the copy from the mother may be sufficient to produce enough of 
the needed protein to sustain its function. It is estimated that such lethal vari-
ants are so common in human populations that, on average, every human car-
ries between one and two of them in their genome (Gao et al., 2015). We dis-
tinguish between recessive mutations that have no or very little effect if they 
are transmitted by one parent alone and reach their full effect only if they are 
transmitted by both parents, and dominant mutations that show their full effect 
already if transmitted by only one of the parents.  

Many mutations that occur in a population will linger for a while at low 
frequency before either reaching fixation (i.e., every individual in the popula-
tion carries the mutation), or being lost again due to genetic drift (Agrawal, 
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2001; Fisher, 1958). The chance that a neutral mutation (with neither positive 
nor negative effect) can establish itself in a diploid population is given by the 
rate µ at which it occurs, its initial frequency 1/(2N) (it occurs on a single 
allele in a population of N individuals, each of which has 2 alleles), and the 
number of new mutations occurring in the population with every new genera-
tion 2Nµ (two alleles for each of N individuals and each of these alleles has a 
chance µ to mutate (Kimura, 1983). 𝜇 = 2𝑁𝜇 ×  12𝑁 

The chance for fixation of a neutral mutation that is not subject to any se-
lection is, thus, equal to the mutation rate itself. If the mutation has an effect 
that affects the fitness of its carrier, it will be subject to selection. Generally, 
positive effects will increase, and negative effects will decrease the chance for 
fixation, and the larger the population size, the more efficient selection be-
comes. The research presented in this thesis, however, is not revolving around 
the fate or population genetics of mutations. Instead, one aim of this research 
is to better understand the factors affecting the mutation rate (µ).  

DNA maintenance and reactive oxygen species 
Reasons for a mutation to occur can be an error during the duplication of the 
genome, necessary for cell division, but also an attack on the genome through 
a mutagenic chemical that interacts with the DNA or a physical force such as 
radiation or high temperature. Mutations happen constantly, even when not in 
the process of dividing. An estimated 2300 single strand breaks happen every 
hour in every human cell (Chatterjee & Walker, 2017). Fortunately, almost all 
of them are located and repaired within a very short time. The main reason for 
this high amount of damage sustained by the DNA at any time are reactive 
oxygen species (ROS) (Dowling & Simmons, 2009; Sanz et al., 2006). These 
highly reactive chemicals are a natural by-product of the oxygen metabolism 
in each cell. Furthermore, ROS are known to act as signalling molecules for 
processes such as immune responses, growth and development, and seed dor-
mancy and germination (in plants) (Apel & Hirt, 2004; Gapper & Dolan, 2006; 
Schopfer et al., 2001). However, too high concentrations of ROS are damag-
ing and, therefore, cells are equipped with an enzymatic (e.g., Superoxide dis-
mutase, Catalase, and others) and a non-enzymatic antioxidant defence (e.g., 
Vitamins A, B, and C, Glutathione, and others). Under normal circumstances 
in a benign environment, these defence mechanisms keep ROS concentrations 
low (Birben et al., 2012). However, regardless of the antioxidant defence, 
some damage will always remain unchecked, and over time oxidative damage 
of proteins, DNA, and RNA will accumulate and lead to a reduction of func-
tionality of the cell (Beckman & Ames, 1998). On a side note, these low levels 
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of damage that are continuously sustained by each cell are also relevant for 
ageing. This is known as the free radical theory of aging (Dowling & Sim-
mons, 2009; Harman, 1956). Many factors, such as ionizing radiation, hy-
peroxia (too much oxygen), fat-rich diet, cigarette smoke, and heat stress, can 
cause an imbalance between ROS and antioxidants, leading to oxidative stress 
damaging the cell and the DNA within (Birben et al., 2012). For example, up 
to 65% of the DNA damage caused by radiation originate from increased lev-
els of ROS rather than the radiation itself (Vignard et al., 2013), highlighting 
the importance of antioxidants in maintaining the integrity of the DNA.  

Once the DNA has been damaged, through ROS or other processes, there 
is a series of at least 5 major DNA repair pathways in place to repair the dam-
age (Chatterjee & Walker, 2017). These pathways can be very specific to the 
type of DNA damage they repair and are activated only if the respective spe-
cific type of damage is detected, or during parts of the cell cycle when it is 
likely to occur (Branzei & Foiani, 2008). Generally, the amount of DNA dam-
age that remains unchecked seems to be correlated with the concentration of 
DNA maintenance and repair molecules in the cell (Aitken & De Iuliis, 2010; 
Friedberg et al., 2005). Regardless of the type of DNA repair, there is a certain 
cost expected to be associated with DNA repair fidelity (i.e., the cost-of-fidel-
ity hypothesis, Sniegowski et al., 2000). This cost is hypothesised to arise from 
a combination of the energy and resource expenses necessary for the repair 
machinery and the time needed to proof-read and repair the DNA (Baer et al., 
2007; Dawson, 1998). Realised mutation rates should, thus, reflect a balance 
between selection to keep the mutation rate as low as possible due to the del-
eterious nature of mutations and the cost of supressing mutations further than 
a certain point (Dawson, 1998). Mutations with positive effects are so rare that 
their effects are assumed to be negligible here. 

Anisogamy, Sexual selection, and sexual conflict 
Sexual selection is thought to have arisen from a sexual dimorphism in the 
investment into germ cells by two different mating types, known as anisogamy 
(Bateman, 1948; Lehtonen et al., 2016; Parker, 2014). In most multicellular 
diploid organisms, one sex (termed male) produces smaller and more mobile 
gametes, while the other sex (termed female) produces larger and more sta-
tionary gametes (Daly & Wilson, 1983; Kodric-Brown & Brown, 1987). The 
fact that males produce a much higher number of gametes compared to fe-
males leads to the possibility that a male could potentially fertilize the gametes 
of many females, supporting the idea that males should be competing for ac-
cess to females. However, we now understand that it is more complex and the 
diversity of mating systems and sex-specific ecologies leading to sex-specific 
selection pressures is immense (De Lisle, 2019; Dewsbury, 2005; Shuker & 
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Kvarnemo, 2021). It is now widely accepted that sexual selection is not re-
stricted to males and that females can show behaviours and adaptations that 
are analogous to those named as classical signs for sexual selection on males 
(Hare & Simmons, 2019). Sexual selection in males is, however, more com-
mon and often stronger compared to sexual selection on females across the 
tree of life (Clutton-Brock, 2007; Janicke et al., 2016; Winkler et al., 2021).  

Generally, sexual selection describes non-random processes that lead to 
differences between individuals of the same sex in fertilisation success of 
gametes of the other sex (Andersson, 1994; Lande, 1980; Shuker & 
Kvarnemo, 2021). These non-random processes are often reflected in compe-
tition through direct confrontation of individuals of the same sex, and through 
a choosing behaviour of individuals of the other sex. Furthermore, sexual se-
lection is not necessarily ending once individuals mate. Females of many spe-
cies mate with multiple males within a reproductive period. This extends the 
competition over fertilisation between males to competition between gametes 
within the female reproductive tract (Parker, 1984; Parker, 1970). In this case, 
one distinguishes between pre- and postcopulatory sexual selection. Note that 
females of many species can affect the fertilisation success of different males 
even after mating, through selective mechanisms such as the shape of the re-
productive tract and fluids therein, in which case one speaks of cryptic female 
choice (Eberhard, 1996; Eberhard & Cordero, 1995). In either case, sexual 
selection can act as an extremely strong selective force and can lead to the 
development of extreme characters (Andersson, 1994; Andersson & Iwasa, 
1996; Winquist & Lemon, 1994). Sometimes, sexual selection on a trait is so 
strong that the trait is expressed to such extreme levels that it starts to nega-
tively affect other functions of the organism, potentially even leading to lower 
survival (Zahavi, 1975). The most classical and stereotypical example for 
traits that are exaggerated under sexual selection must be the male peafowls 
tail feathers (called train) that clearly present an obstacle during flight (Fig. 
1). Another very illustrative example for such a trade-off is the mosquitofish, 
Gambusia hubbsi (Heinen-Kay et al., 2015). Males of this species display 
bright orange dorsal fins and females prefer males with brighter fins. At the 
same time, males with bright fins are more conspicuous to predators, which is 
reflected by populations in areas with predators having much paler fins. Also, 
postcopulatory sexual selection has the potential to drive the development of 
extreme gamete phenotypes, such as the up to 6cm long sperm of Drosophila 
bifurcata (Lüpold et al., 2016). In either case, the strength of sexual selection 
often leads to individuals investing a substantial part of their resources into 
traits affecting mating behaviour and reproductive success, which can lead to 
trade-offs (more about this later). One of the central questions of this thesis is 
whether such trade-offs also include germline maintenance and, therefore, 
sexual selection could lead to costs reflected in reduced germline mainte-
nance. 
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Figure 1: A flying peacock in Karaikudi, India, illustrating how sexual selection 
can drive traits beyond what is favourable under natural selection. The long tail 
representing a hindrance during flight is a classic example for A. Zahavi’s “handi-
cap”-theory of sexual selection. (Photo credit: Haribabu Pasupathy, Wikimedia com-
mons under CC BY-SA 3.0) 

Sexual selection often also leads to sexual conflict (Arnqvist & Rowe, 
2005; Servedio & Boughman, 2017). Sexual conflict arises when the two 
sexes have different optima for a trait. This can either be referring to the case 
in which a trait in one sex negatively affects another trait in the other sex (in-
terlocus sexual conflict), or it can be that one sex has a different optimum than 
the other sex for a specific trait shared by both sexes, leading to different se-
lection pressures on a gene when expressed in males and in females (intralocus 
sexual conflict) (Bonduriansky & Chenoweth, 2009; Robinson et al., 2006). 
A common example for interlocus sexual conflict is mating rate (Arbuthnott 
et al., 2014; Dougherty et al., 2017; Hotzy & Arnqvist, 2009). Often, males 
can increase their fitness by mating frequently with different females, but at 
the same time, males can inflict injury on females while mating, which results 
in females having a lower optimal mating rate than males because mating too 
frequently reduces their fitness. An example for intralocus sexual conflict are 
the horns of soay sheep, which help males to win fights about access to fe-
males, while females, that do not need to fight, only bear the costs of devel-
oping and wielding the horns (Robinson et al., 2006). Sexual conflict of both 
types (intra- and interlocus) can be so strong that the negative consequences 
of the conflict can lead to a reduction in population fitness (Arnqvist & Rowe, 
2005; Kokko & Jennions, 2014). 
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Condition-dependence 
If a trait is under strong directional selection, as it often is the case with sex-
ually selected traits, one would expect a depletion of genetic variation for this 
trait (Kirkpatrick & Ryan, 1991; Rowe & Houle, 1996; Tomkins et al., 2004). 
If selection is strong over a long stretch of time, all individuals should carry 
the same alleles at some point, and if all individuals within a population are 
identical, then selection cannot act anymore. However, in natural systems no 
such depletion of variance can be observed in traits under sexual selection. 
This discrepancy between theoretical expectations and empirical observations 
has been termed “the lek paradox” (Kirkpatrick & Ryan, 1991). One solution 
for this conundrum is that the expression of the trait under selection is condi-
tion dependent, which means that the general condition of an individual is 
decisive for the amount of resources the individual can invest in the trait (Fig. 
2). Condition, thus, stands for the size of the pool of resources that an individ-
ual has available to invest. Obviously, there are many factors that can affect 
the overall condition of an individual. Commonly named factors affecting an 
individual’s condition are age, health, and nutritional status, but also factors 
like the amount of experienced environmental stress can affect an individual’s 
condition (Bonduriansky, 2007; Rowe & Houle, 1996). Clearly an individ-
ual’s genetic composition is important for its condition because it can affect 
the impact of all the previously mentioned factors. If genetic quality affects 
condition, then the expression of the sexually selected trait depends on overall 
genetic quality. Consequently, the exhaustion of genetic variation for the sex-
ually selected trait is much more unlikely because variation in the trait repre-
sents variation in genetic quality. This idea is widely known under the name 
“genic capture” (Rowe & Houle, 1996). 
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Figure 2: Illustration of condition dependent sexual selection under “genic cap-
ture” modified after Rowe and Houle (1996). Condition represents the pool of re-
sources available to an individual to distribute amongst traits (focal trait T, on which 
sexual selection will act, and other traits P1-Pn). The amount of resources available 
depends on various factors such as genetics, age, health, nutrition, and more. Before 
sexual selection on trait T, T is under stabilising viability selection (i.e., natural se-
lection) and resource distribution is equal between traits. After sexual selection starts 
acting on trait T, because of a positive influence on mating success, resource invest-
ment into trait T will increase so much that trait T will start to negatively affect via-
bility. Furthermore, while before sexual selection condition must not be correlated 
with investment into trait T, after some time of sexual selection on trait T, the invest-
ment into trait T will be so high that it will become strongly correlated with condi-
tion (i.e., the total amount of available resources): the trait evolves to become condi-
tion dependent in its expression. This leads to the fact that selection on trait T re-
flects selection on the factors that affect condition, which reflect general genetic 
quality. In other words, anything that affects condition negatively, such as deleteri-
ous mutations, will be selected against through sexual selection on trait T. 

An important implication of the condition dependence of sexually selected 
traits is that it connects sexual selection to adaptive processes and the purging 
of deleterious genetic variation in general (Grieshop et al., 2021; Whitlock & 
Agrawal, 2009). This means that deleterious variation throughout the genome 
will negatively affect the expression of the trait under sexual selection and 
should, thus, be selected against by sexual selection. If a population is exposed 
to a novel environment, those individuals with the best adapted genotypes are 
expected to suffer the smallest loss in condition and, thus, sexual selection 
should promote adaptation. It has been shown that sexual selection has the 
potential to remove maladaptive alleles and deleterious mutations from exper-
imental populations (Hollis et al., 2009; Whitlock & Agrawal, 2009). Besides 
the fact that sexual selection often opposes natural selection (see above), this 
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particular aspect of sexual selection on condition dependent traits receives a 
lot of attention because selection on males comes at a relatively low cost for 
the population because usually the females limit population growth (Caswell, 
2006). This means that selection on males can aid adaptation with less conse-
quences for population growth than selection on females (Godwin et al., 2020; 
Martinossi-Allibert, Thilliez, et al., 2019; Whitlock & Agrawal, 2009). Males 
are, in a sense, expendable. However, empirical evidence in this matter is 
mixed (Arbuthnott & Rundle, 2012; Candolin & Heuschele, 2008; Chenoweth 
et al., 2015; Rundle et al., 2006) and many studies show no conclusive effects 
at all. A recent meta-analysis, however, does indeed find positive effects of 
sexual selection on population fitness (Cally et al., 2019). 

Stress and fitness 
The concept of fitness is indispensable for evolutionary biology. Variation in 
fitness is the sole reason selection can act and adaptation occur (Orr, 2009). 
Fitness is, generally, defined as a measure of the ability of an organism to 
survive and reproduce in the environment it finds itself in (Barker et al., 2009; 
Dobzhansky, 1982; J. Haldane, 1937; J. B. Haldane, 1990). However, over the 
years the term fitness has been redefined and specified countless times to bet-
ter fit specific species and life histories (Barker et al., 2009). It is worth noting 
that often in evolutionary biology, the most central ideas and concepts can be 
quite elusive because they are often being adapted to the context (Bijlsma & 
Loeschcke, 2005). Importantly, fitness is always dependent on the circum-
stances. Being the fittest in one environment must by no means imply a high 
fitness in another environment. The same applies to different time points 
within an individual’s life, different social settings, and so on.  

Usually, environmental conditions are considered stressful if they lower 
fitness compared to either the maximal possible fitness or fitness in a reference 
environment, which is considered benign. The most important aspect of stress 
is that it always has an external (the stressor) and an internal (the biological 
target) component. Factors leading to stressful conditions are numerous and 
include abiotic factors (such as temperature, humidity, salinity, pollution, and 
many more) and biotic factors (such as population density, diseases and para-
sites, predators, and other harmful influences of living beings). 

One very contemporary environmental stressor is temperature. It is known 
that anthropogenic climate change increases the frequency and magnitude of 
temperature extremes on various time scales (Bathiany et al., 2018; Johnson 
et al., 2018; Varela et al., 2020). Namely, extreme daily maxima and longer-
term heat waves are increasing in frequency and severity (Bathiany et al., 
2018; Johnson et al., 2018; Varela et al., 2020). Temperature has a profound 
and unique impact on the physiology of an organism because it directly affects 
biochemical processes (Angilletta, 2009; Somero, 1995). While birds and 



 19

mammals are endotherm, meaning that they can maintain their own body tem-
perature, the vast majority of species across the tree of life are ectotherms and 
their body temperature changes with the environment, making them generally 
more vulnerable to climate warming (Hochachka & Somero, 2002; Paaijmans 
et al., 2013). 

 
The work presented in this thesis aims to reveal whether sexual selection 

on condition dependent traits, which should increase overall genetic quality, 
also positively affects germline maintenance, or if sexual selection for costly 
traits rather leads to trade-offs that affect germline maintenance negatively. I 
test these two not mutually exclusive hypotheses by increasing the need for 
germline maintenance through artificially induced DNA damage and environ-
mental stress in the form of elevated temperature, in seed beetles that have 
evolved under experimental mating regimes allowing for different levels of 
sexual and natural selection. I also take a closer look at which specific adap-
tations in response to sexual selection affect different aspects of germline 
maintenance. If you would like to read more in detail what I did, please just 
keep on reading. 
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Aim of the thesis and individual projects 

Germline maintenance refers to quality control and protective mechanisms in 
gametes and during gametogenesis. It comprises mechanisms to maintain 
DNA integrity and is, thus, a determinant of the realised mutation rate. Fur-
thermore, germline maintenance includes mechanisms to maintain homeosta-
sis and assure proper cell development during gametogenesis, which is im-
portant for gamete viability under environmental stress. These processes are 
costly and require resources (Chen et al., 2020; Maklakov & Immler, 2016), 
which implies that germline maintenance might be subject to allocation trade-
offs, since resources are limited and allocated to different functions. A com-
mon way to describe the pool of resources available to an individual in evolu-
tionary theory is through its condition. Condition dependence of germline 
maintenance implies that factors affecting condition may also influence 
germline maintenance, which connects germline maintenance to a wide range 
of factors and evolutionary processes that affect condition or are condition 
dependent themselves.  

This thesis focuses on how sexual selection affects condition dependent 
germline maintenance. More specifically, I focus on how adaptations due to 
sexual selection affect (i) germline mutation rates and (ii) gamete sensitivity 
to environmental stress in the form of elevated temperature. Changes in both 
of these aspects of germline maintenance can have profound implications for 
a range of evolutionary processes in sexually reproducing species. However, 
mutation rates and gamete stress sensitivity play different roles in evolution 
and have different effects on populations. It is, thus, difficult to discuss the 
implications of both in a coherent text and I will consequently discuss them 
separately after introducing the commonalities in how both, mutation rate and 
gamete stress sensitivity, may depend on sexual selection processes. 

Sexual selection and germline maintenance 
Anisogamy, the disparity of female and male gametes, entails profoundly dif-
ferent selection pressures on males and females and lays the foundation for 
sexual selection (Kodric-Brown & Brown, 1987; Lehtonen et al., 2016; G. A. 
Parker, 2014). As mentioned earlier, anisogamy is not the only factor leading 
to sexual selection, but it seems to be at the very origin of the evolution of two 
alternative reproductive strategies (da Silva, 2018; Geng et al., 2014; Schärer 
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et al., 2012). Although sexual selection acts in both sexes, I will from here 
onwards mainly focus on sexual selection on males, because the mating sys-
tem of the study species (more about it later) used for the papers in this thesis 
includes stronger sexual selection on males (Grieshop et al., 2021), in part due 
to postcopulatory sexual selection through sperm competition (Bilde et al., 
2009; Fritzsche & Arnqvist, 2013). This does not imply that consequences for 
females must be smaller, nor that they are less important. In fact, the opposite 
may be true, as females are more constitutive for population fitness in many 
species (Caswell, 2006). 

Generally, sexual selection can either increase or decrease germline 
maintenance, and there are theoretical foundations for both options, which I 
will briefly outline here. The fact that germline maintenance (Chen et al., 
2020; Kirkwood et al., 1979; Lemaître et al., 2020; Maklakov & Immler, 
2016) and many primary (Godwin et al., 2017; Lemaître et al., 2020; Lüpold 
et al., 2016) and secondary (Höglund et al., 1992; Hooper et al., 1999; Sim-
mons et al., 2017) male sexual traits are costly, justifies the expectation of a 
trade-off between adaptations due to sexual selection and germline mainte-
nance (Fig. 3). However, empirical evidence for such trade-offs remains am-
biguous (Simmons et al., 2017). Especially, investment into postcopulatory 
sexual selection which, besides increased sperm numbers (Boschetto et al., 
2011; Curtsinger, 1991; Pizzari et al., 2009; Wedell et al., 2002), also pro-
motes investment into presumably costly sperm traits (Gage et al., 2004; God-
win et al., 2017; Lüpold et al., 2016; Silva et al., 2019), seems likely to lead 
to trade-offs between investment into adaptations due to sexual selection and 
germline maintenance. 

However, many primary and secondary male sexual traits also have a con-
dition dependent component (Warren et al., 2013), which could imply that 
sexual selection on the trait positively affects condition, which, in turn, should 
lead to improved germline maintenance under sexual selection. This idea, 
known as the “genic capture”-hypothesis (Rowe & Houle, 1996; Tomkins et 
al., 2004) is outlined in Figure 2. It states that if sexual selection acts on traits 
whose expression is condition dependent, then sexual selection should favour 
males of high genetic quality that can afford to invest more in sexual compe-
tition and, at the same time, remain able to maintain high levels of germline 
maintenance because they have more resources at their disposal. These two 
alternative ways in which sexual selection may affect germline maintenance 
are not mutually exclusive and this thesis aims to shed some light on the dy-
namics between them.  

Throughout this thesis, I use two approaches to investigate the connection 
between sexual selection and germline maintenance that I will introduce here 
rather than in the Methods section. This is because the underlying ideas are 
important for some of the following paragraphs. The first approach, used in 
all papers (slightly modified in Paper III), is experimental evolution and the 
investigation of genetic correlations between traits (Evans, 2010; Simmons et 
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al., 2010). Experimental evolution protocols selecting for one of the traits (in 
this thesis that trait is sexual competitiveness in males), should lead to nega-
tive coevolution of the other trait (germline maintenance) if trade-offs are pre-
vailing (Somjee et al., 2015). Under “genic capture”, we would expect a pos-
itive correlation between the evolution of germline maintenance and sexual 
competitiveness. The second approach is the application of environmental 
stress, which should make trade-offs more apparent (Koufopanou & Bell, 
1984). The idea is that deficits in germline maintenance may only become 
observable if germline maintenance is challenged by a stressor (radiation in 
Paper I and II, heat stress in Paper III and IV). We would expect sexual selec-
tion to lead to increased sensitivity to environmental stress under a trade-off 
scenario, while the opposite is expected under “genic capture”.  

 
 
 

 
Figure 3: Classical Y-model illustration of the allocation trade-off between in-
vestment into reproduction and germline maintenance as in Berger et al., 
(2017). Each individual is assumed to have a limited amount of resources available 
(1). These resources can be allocated to either reproduction or maintenance (2). Fur-
thermore, resources allocated to maintenance can be invested either in the germline 
or in the soma (3). The experiments within this thesis focus mostly on the trade-off 
at node (2). 
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Mutation rates and sexual selection 
Historically, mutation rate has been thought to be a stable, species specific 
trait, but recent evidence has shown that germline mutation rates vary not only 
between species (Lynch, 2010), but also within species (Baer et al., 2007). In 
fact, the amount of intraspecific variation in mutation rate found between a set 
of Drosophila melanogaster lines is comparable to the interspecific variation 
found across all mammals (Agrawal & Wang, 2008; Sharp & Agrawal, 2012). 
Intraspecific variation in mutation rate is associated with extrinsic factors, 
such as environmental stress (Matsuba et al., 2013; Muller, 1928; Voordeckers 
et al., 2020), but also intrinsic factors related to genetic quality (Berger et al., 
2017; Sharp & Agrawal, 2012). This implies a condition dependent compo-
nent of mutation rate in line with the expected costly nature of DNA repair 
and maintenance (Chen et al., 2020; Maklakov & Immler, 2016; Sniegowski 
et al., 2000), but does not exclude the presence of trade-offs.  

An early connection between mutation rates and sexual selection has been 
made due to the male biased germline mutation rates found in many species 
(Ellegren, 2007; Hurst & Ellegren, 1998; Sayres & Makova, 2011). That 
males produce as many (small) gametes as possible very often leads to higher 
numbers of cell divisions within the development of a gamete (the more cell 
divisions, the more numerous the resulting gametes). However, the number of 
germline cell divisions is not sufficient to explain the male bias in mutation 
rate (Ellegren, 2007; Sayres & Makova, 2011). Hence, I hypothesised that 
there may be additional ways in which sexual selection may affect mutation 
rate, which could have important implications for evolutionary processes, the 
most important of which I outline below.  

One important consequence of an effect of sexual selection on mutation 
rate is that it can affect the strength of sexual selection itself. Sexual selection 
is a strong selective force (Andersson, 1994; Whitlock & Agrawal, 2009) and 
should deplete genetic variation of traits it is acting on relatively rapidly (Hunt 
et al., 2004; Kotiaho et al., 2008; Rowe & Houle, 1996; Tomkins et al., 2004). 
In fact, this is what led to the idea that sexually selected traits may capture 
general genetic quality of the individual and not only the genes shaping the 
trait itself (see “genic capture”-hypothesis). However, maintaining the ob-
served levels of standing genetic variation for traits under sexual selection 
would require improbably high mutation rates (Hunt et al., 2004; Jennions & 
Petrie, 2000; Turelli, 1984; Walsh & Blows, 2009). Therefore, we expect that 
there must be other forces at play that also affect genetic variation of sexually 
selected traits, one of which could be a link between sexual selection strength 
and mutation rate as implied by a trade-off. If males that are more attractive 
pass on more mutations because they invest into sexually selected traits at the 
cost of reduced germline maintenance, then strong sexual selection should 
lead to an increase in germline mutation rate. However, if more attractive 
males sire offspring of reduced quality, female choice of attractive males 
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could be maladaptive. These arguments make it difficult to predict connec-
tions between sexual selection and mutation rates based on theoretical as-
sumptions, which calls for empirical investigation. Furthermore, these argu-
ments imply potentially complex dynamics between sexual selection strength 
and mutation rates. 

Another consequence of the potential dynamics outlined above are the im-
plications it may have for the mutation load of sexually reproducing popula-
tions at mutation-selection balance (Agrawal & Whitlock, 2012). If a delete-
rious recessive mutation occurs within a population, selection against the mu-
tation is often weak, especially in small populations, and it may take a while 
until the mutation is eliminated (Kimura et al., 1963; Lynch & Gabriel, 1990). 
This leads to a number of deleterious mutations circulating within the popula-
tions until selection can effectively remove them, which causes population 
fitness to be below its optimum. If sexual selection acts mainly on condition 
dependent traits and germline mutation rate is condition dependent itself, these 
could be two factors reducing mutation load under sexual selection. Not only 
would the selective process lead to purging of deleterious variation (Whitlock 
& Agrawal, 2009), but it would also reduce the occurrence of de novo muta-
tions. In the alternative case, when sexual selection selects for males that can 
bias investment towards sexual competition and forsake germline mainte-
nance, sexual selection not only favours males that bias their investment re-
ducing germline maintenance but also have offspring of inferior quality, 
which could have detrimental effects on the genetic load of populations. This, 
in turn, has implications for adaptive processes (Berger et al., 2017; Snie-
gowski et al., 2000), extinction risk (Lynch et al., 1995a, 1995b), and the prev-
alence of genetic disease (Agrawal & Whitlock, 2012; Lynch, 2016). Envi-
ronmental change can induce shifts in which alleles are optimal and which 
contribute to genetic load. This means that sexual selection on condition de-
pendent traits would be reducing the genetic load and, therefore, increasing 
the rate of adaptation. In contrast, if sexual selection increases the influx of de 
novo mutations and does not purge alleles with generally deleterious effects 
on fitness, it could lead to an increasingly large genetic load under environ-
mental change, which could ultimately lead to extinction. 

In Paper I, we investigated how experimental evolution under mating re-
gimes allowing for different levels of sexual and natural selection affects 
germline maintenance, by measuring fitness effects of an induced mutation 
load in offspring of focal individuals. Furthermore, we explored the effects of 
costly socio-sexual interactions on germline maintenance to see if short term 
allocation into sexual competition affects germline maintenance. In this paper 
we also investigated potential mechanisms affecting germline mutation rate, 
such as sperm regeneration, mating frequency, and ejaculate investment. We 
designed the study presented in Paper II to investigate plastic changes in 
germline maintenance of males evolving under sexual selection in response to 
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socio-sexual interactions found in Paper I. Paper II also includes an assess-
ment of sperm competitiveness with and without perceived male-male com-
petition, and an assessment of how gene expression changes in response to a 
radiation treatment for all lines used in Paper I. We also investigated plastic 
gene expression changes in response to different socio-sexual settings and ra-
diation in the lines that showed a plastic change in germline maintenance in 
response to the sociosexual treatment in Paper I (i.e., the lines evolving under 
sexual but not natural selection). 

Thermal stress and sexual selection  
Germline maintenance also includes the ability to shield the germline from 
negative effects of environmental stressors. Our environmental stressor of 
choice for the experiments presented in this thesis is heat stress, as climate 
change poses one of the biggest threats to wild populations nowadays and in 
the future (IPCC, 2022). The frequency and the magnitude of extreme temper-
ature events are increasing (Bathiany et al., 2018; Johnson et al., 2018; Varela 
et al., 2020). Besides a plethora of indirect threats, such as changes in prey 
distribution (Yurkowski et al., 2018) and changes in the phenology of migra-
tions (Clairbaux et al., 2019), climate change also directly affects individuals 
through environmental temperatures exceeding physiologically optimal tem-
peratures (Choy et al., 2021; Walsh et al., 2019). Thermal stress is extraordi-
nary as a stressor because of the profound ways in which it affects all levels 
of physiological processes, especially in ectotherms (Angilletta, 2009; Som-
ero, 1995). High temperatures lead to the denaturation (non-native folding) of 
proteins, which as a consequence lose their function, eventually leading to cell 
damage or even cell death (Fink, 1999). In order to prevent this, exposure to 
elevated temperatures triggers the heat shock response, which is a cellular 
stress response leading to an upregulation of heat shock proteins (Balchin et 
al., 2016). Heat shock proteins comprise chaperones, chaperonins, and various 
co-chaperones, which, together, are in charge of maintaining cellular homeo-
stasis (Feder et al., 2000; Rizzolo et al., 2017; Taipale et al., 2014). The heat 
stress response shares many elements with the oxidative stress response in the 
cell (see section about ROS), as oxidative stress also leads to protein denatur-
ation (Morano et al., 2012; Schöffl et al., 1998). Furthermore, heat stress also 
affects the oxidative environment within the cell, thus demanding antioxidant 
defence to buffer some of the negative effects (Dowling & Simmons, 2009; 
Medina et al., 2021). Mounting a heat stress response seems to be tied to con-
siderable costs as indicated by the fact that bacteria in nutrient-rich environ-
ments are showing more effective heat stress responses (Fares et al., 2002). 
Similar results, suggesting a considerable cost of the heat stress response, were 
found in an experiment using fruit flies, D. melanogaster (Krebs & Loeschcke, 
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1994a). Females primed with a heat shock had much higher survival if ex-
posed to a high temperature environment but showed a reduction in offspring 
numbers. The magnitude of this reduction in offspring numbers was nega-
tively correlated to the amount of nutrients available to the individuals, sug-
gesting a direct energetic cost of the heat stress response. Furthermore, the 
refolding activity of some, but not all (Reichmann & Suss, 2015), chaperones 
requires energy in the form of ATP (Hartl et al., 2011; Mayer, 2010). The sum 
of these experiments strongly suggests that mounting a heat stress response is 
costly and should, thus, be directly linked to condition and subject to trade-
offs. Furthermore, the overlap between the heat stress response and the re-
sponse to oxidative stress (see above), implies that condition dependent effects 
on heat stress response may to some extent also apply to several other stressors 
that alter the oxidative environment within the cell.  

Recent findings in the field of thermal biology highlight the importance of 
assessing effects of elevated temperatures on reproductive functions (i.e., fer-
tility) rather than on viability, because the former often manifest themselves 
already at much lower temperatures (Angilletta, 2009; Gerking & Lee, 1983; 
Hoffmann, 2010; Iossa, 2019; Loisel et al., 2019; Parratt et al., 2020; van 
Heerwaarden & Sgrò, 2021; Walsh et al., 2019). Evidence from research on 
various crop plants suggests that meiosis is generally more sensitive to ele-
vated temperatures than mitosis, as the most heat stress sensitive stages of 
many plants seem to be the days before flowering, during which meiosis takes 
place (De Storme & Geelen, 2014; Erickson & Markhart, 2002; Sakata et al., 
2000; Sato et al., 2002). From a perspective of population fitness under cli-
mate warming, it is very important to understand sublethal temperature effects 
on fertility, as small reductions in fertility may have dramatic impacts on pop-
ulation viability (Degioanni et al., 2019). Furthermore, it is important to assess 
the thermal sensitivity of fertility (from hereon TSF) in a sex-specific manner 
(Iossa, 2019), as male and female reproduction show pronounced differences 
in their respective physiology (García‐Roa et al., 2020; Kodric-Brown & 
Brown, 1987), and a loss of fertility has different implications depending on 
the sex in which it occurs (Caswell, 2006). Generally, it seems that male re-
production is more sensitive to elevated temperatures than female reproduc-
tion (David et al., 2005; Hansen, 2009; Iossa, 2019; Jørgensen et al., 2006; 
Rinehart et al., 2000; Sales et al., 2018). However, there are also numerous 
cases in which female reproduction seems to be more sensitive (Janowitz & 
Fischer, 2011; Krebs & Loeschcke, 1994b; Roux et al., 2010; Zhang et al., 
2013), and several studies suggesting that the direction of the sex-bias of TSF 
within a species can be context dependent (Evans et al., 2018; Mahroof et al., 
2005; Martinossi‐Allibert et al., 2019). These findings suggest fine-grained 
variation in TSF and highlight the need for a better understanding of the 
underlying processes and mechanisms shaping TSF. The profound impact of 
sexual selection on reproduction related traits suggests that sexual selection 
may play an important role in shaping sex-specific variation in TSF (García‐
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Roa et al., 2020; Gómez-Llano et al., 2020; Martinossi-Allibert, Rueffler, et 
al., 2019; Martinossi-Allibert, Thilliez, et al., 2019; Pilakouta & Ålund, 2021; 
Svensson et al., 2020). 

The theoretical predictions for the evolution of TSF under sexual selection 
are similar to those for germline maintenance in general under the scenario of 
“genic capture“ or the prevalence of trade-offs. The main difference is that 
temperature stress due to climate change may, for good reasons (see above), 
be expected to substantially increase the need for adequate germline 
maintenance to maintain fertility. If sexual selection has been shaping 
reproductive traits in benign environmental conditions, then environmental 
stress could reveal trade-offs, whose costs did not show in the benign 
environment in which they evolved (Koufopanou & Bell, 1984; Simmons et 
al., 2017). Although there is a substantial body of literature reporting this 
phenomenon (e.g., Simmons, 2012; Somjee et al., 2015), studies 
comprehensively reviewing the interactions of trade-offs and environmental 
stress in multicellular organisms seem to be lacking. Ferenci (2016) compiled 
such a review for trade-offs in different environments for bacteria, showing 
that trade-offs do indeed become more apparent under environmental stress. 
If trade-offs between adaptations due to sexual selection and environmental 
robustness of fertility are indeed common, the effects of climate change on 
sexually reproducing species might on average be more detrimental than 
previously assumed. 

In Paper III, we explore how sex-specific selection purges artificially 
induced deleterious variation and how this is reflected in the robustness of 
populations, when exposed to a short-term heat shock as adults or 
developmental heat stress. Paper III also includes a series of follow-up 
experiments exploring the effects of recovery, multiple mating, and sexual 
conflict on TSF in males and females. The aim of Paper III is to elucidate the 
many ways how sexual selection may shape the sex-specificity of TSF. 
Furthermore, we investigate how fine-grained variation in mating systems and 
heat stress parameters (for example due to details of the experimental design) 
affect female and male TSF. paper IV explores how evolutionary adaptations 
due to sexual selection from standing genetic variation (rather than the effects 
of purging of deleterious de novo variation, as done in Paper III), affect 
responses to thermal stress. We specifically aim to understand how 
adaptations to post-copulatory sexual selection affect male TSF and how such 
adaptations may affect female TSF via genetic correlation. Additionally, 
Paper IV includes an experiment assessing how experienced extreme 
temperature events affect subsequent generations through parental effects. 
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Methods 

Study species 
Seed beetles are prime laboratory animals for several reasons, they are small, 
can be kept in large number, and are cost-effective. The commonly used seed 
beetle species undergo full egg-to-adult development inside of dry beans and, 
in the process of doing so, store enough resources to require neither water nor 
nutrients to reproduce successfully (Fox, 1993).  

The species used in the experiments of this thesis is the cowpea beetle, 
Callosobruchus maculatus (Fig. 4). C. maculatus originated in Africa and is a 
commonly found pest species in dried legume bean storages. Due to the trade 
with its host seeds, C. maculatus first spread to Asia and later across most 
areas inhabited by humans and is now considered a cosmopolitan pest species 
(Kébé et al., 2017). Females of this species cement their eggs directly onto the 
bean and larvae hatch through the bottom side of the egg, directly burrowing 
into the bean. C. maculatus can thrive on the seeds of various legumes after a 
relatively short period of acclimatisation (Fricke & Arnqvist, 2007; Price et 
al., 2017). The beetle lines I used in the papers presented here were all kept 
on their supposedly favourite host, black-eyed peas or cowpeas, Vigna 
unguiculata (Fox, 1993). On this bean species and under standard laboratory 
conditions (29°C, 12L:12D, and 55% rel. humidity), egg-to-adult 
development takes roughly 21 days. Adults reach sexual maturity and start 
reproducing within hours after eclosion. Each female lays between 60 and 100 
eggs and hatchability is high (>90%). This species has attracted considerable 
attention in the scientific community due to its mating system. Both sexes 
mate multiple times, leading to pre- and post-copulatory sexual selection on 
males as well as sexual conflict over the optimal mating rate (Berger et al., 
2016; Crudgington & Siva-Jothy, 2000; Eady, 1995; Gay, Eady, et al., 2009; 
Gay, Hosken et al., 2009; Hotzy & Arnqvist, 2009). Pre-copulatory sexual 
selection can be characterised as scramble competition among males. Once a 
male succeeds in initiating copulation, genital spines help it prevent being 
dislodged by a competitor (Rönn & Hotzy, 2012). Females experience internal 
injury through the spines (Bagchi et al., 2021; Edvardsson & Tregenza, 2005; 
Rönn et al., 2007), but at the same time the harm imposed on the female 
correlates with sperm-competitiveness of the male (Hotzy & Arnqvist, 2009) 
and has been found to increase oviposition rate in a congener (Haren et al., 
2017). The male ejaculate contains a large variety of functional compounds 
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(Bayram et al., 2019) with positive and negative effects on female fertility 
(Arnqvist et al., 2004; Yamane et al., 2015). Furthermore, females of this 
facultatively aphageous species profit from the ejaculate as a nuptial gift in 
terms of life-span extending nutrients and water (Rönn et al., 2006). 
Considering the wide range of interactions, conflicts, and evolutionary 
interesting dynamics observable in the mating system of C. maculatus, it is 
not surprising that, sexual selection research has adopted this species as a 
commonly used model system.  

 
Figure 4: Mating couple of Callosobruchus maculatus. The male is 1.5-2 mm in 
length, the female can reach up to 3 mm. (Image: Mareike Koppik) 

Experimental evolution 
Experimental evolution describes a study approach in which experimental 
populations are exposed to and maintained under conditions defined by the 
experimenter over a number of generations. It presents a potent research 
approach to study adaptation to a wide variety of circumstances, estimate 
evolutionary parameters and test evolutionary hypotheses (Kawecki et al., 
2012). It is different from artificial selection in that selection can act on all 
relevant traits simultaneously rather than only on a number of traits defined 
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by the experimenter. Of course, experimental evolution approaches have 
caveats, and it can be of particular importance to be aware of them for the 
interpretation of some results. Some of the most important caveats are the 
limited population size and number of generations, the often simplified nature 
of the selective pressures, and at the same time the potential for confounding, 
unwanted selective forces on top of the planed ones, resulting from aspects of 
the laboratory environment (Kawecki et al., 2012).  

The sexual selection lines used in Paper I, II, and IV were designed to 
investigate the consequences of variation in the strength of natural and sexual 
selection relative to each other. Experimental evolution is a commonly used 
method to reveal the nature of trade-offs, since selection on one trait should 
result in changes in other traits, if they are coupled by a trade-off (Fry, 2003; 
Roff & Fairbairn, 2007). Here, the experimental evolution approach was used 
to reveal potential trade-offs arising for traits that have different optima under 
natural and under sexual selection. Decoupling natural and sexual selection by 
only giving either natural or sexual selection an opportunity to act should, 
thus, allow such traits to diverge towards their respective optima under the 
different selection regimes. The opportunity for sexual selection to act was 
given by allowing males to compete for females and individuals of both sexes 
to mate multiple times, resulting in pre- and post-copulatory sexual selection 
on males. The opportunity for natural selection was ensured by allowing 
females to lay as many eggs as they can and contribute to the next generation 
accordingly. Selection on female fecundity should not only depend on female 
traits but also include selection on male traits affecting female fecundity, such 
as for example seminal fluid proteins, internal harm imposed by genital spines, 
and male harassment through mating attempts. Population sizes were chosen 
as to generate comparable effective population sizes in all three regimes. 

N+S-regime (natural + sexual selection): This selection regime was 
designed to reflect the natural mating system of the species, allowing (i) males 
to compete for access to females, (ii) females and males to mate multiple 
times, (iii) females to lay as many eggs as they could within a 2-day period, 
and, thus, both sexes to contribute to the next generation proportional to their 
fitness. To this end, 300 individuals were chosen at random each generation 
and allowed to freely mate and oviposit for 48 hours, after which all adults 
were removed. 

N-regime (natural selection): In the second set of lines, we aimed to 
exclude the opportunity for sexual selection to act. We achieved this by 
randomly assigning males to females (123 couples) and allowing each couple 
to interact for 5 hours. Subsequently, we collected all females and allowed 
them to lay eggs for 48 hours. This selection regime should select for increased 
female fecundity on one hand, and males that are promoting female fecundity 
through richer nuptial gifts and, potentially, less harm inflicted on females (but 
see Haren et al., 2017).  
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S-regime (sexual selection): The third set of experimental evolution lines 
was designed to exclude the opportunity for natural selection but allow for 
strong pre- and postcopulatory sexual selection on males. To this end, we 
collected 100 males and 100 females at random to then introduce them to a 
“mating arena” in which males and females could compete and mate freely 
for 48 hours. The arena contained a structural element to allow females to hide 
and escape, while at the same time challenging males to find and pursue the 
females, but no beans. Female C. maculatus only lay eggs when they have 
access to host seeds. Hence, the lack of beans in the mating arena prevented 
females from laying eggs in the first 48 hours, leading to increased sperm 
competition amongst males. After 48 hours in the mating arena, we put each 
female into its individual Petri dish with host seeds. This enabled us to assure 
that each female contributed with exactly one male and one female to the next 
generation, effectively removing all selection on females (except the selective 
pressure to survive the 48 hours in the mating arena).  

Experimental evolution lines need to be replicated because, besides some 
degree of stochasticity through drift in small populations (Halligan & 
Keightley, 2009), evolutionary trajectories are contingent on the standing 
genetic variation amongst the founders of the population. In this set of 
experimental evolution lines each selection regime was replicated in three 
different lines. Unfortunately, one of the S-regime lines was lost prior to my 
assays. 

Radiation treatment 
In Papers I, II, and III we used ionizing radiation to induce DNA-damage to 
cause mutations. In Paper I and II we used gamma radiation and in Paper III 
we used X-rays. Both are forms of extremely short-waved electromagnetic 
radiation (photons) with the main difference being their origin. Gamma rays 
originate from decay of excited nuclei, while X-rays are created when 
accelerated electrons hit a target (usually tungsten) and are slowed down. Both 
types of radiation have similar effects on biological tissue, although there can 
be slight differences to the effectiveness at different doses (Underbrink et al., 
1976) (though, these differences should be smaller now because, nowadays, 
X-ray machines are able to produce X-rays with shorter wavelengths 
compared to 1976). The main effects of radiation are the ionisation of 
molecules. This leads to direct effects in the cell if functional molecules, such 
as proteins or the DNA, are ionized. Simultaneously and more importantly, 
ionizing radiation leads to secondary effects that arise from chemical reactions 
of functional molecules with free radicals that are produced in the cell (Little, 
1993). Most of these free radicals are ROS directly or indirectly caused 
through the ionisation of water molecules in the cell. OH– is the most reactive 
of all ROS (Little, 1993) and all ROS together are responsible for an estimated 
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65% of all DNA double strand breaks (Vignard et al., 2013), and 99.9% of all 
damage to proteins in the cell, caused by radiation (Kempner, 2001). In our 
experiments, we applied doses of 25 Gy. Our main aim when selecting the 
appropriate dose was to induce noticeable amounts of DNA damage without 
rendering the insects completely sterile. In experiments aiming to completely 
sterilise insects and for the production of sterile insects to release as a means 
of disease vector control, doses around 100 Gy are typical (Martinossi-
Allibert, Thilliez, et al., 2019; Poda et al., 2018). Except for in Paper IV, we 
used radiation treatments to induce DNA damage and mutations (mostly 
through oxidative stress), challenging all mechanisms maintaining genetic 
homeostasis in the germline of adult individuals. We then assessed the 
effectiveness of the stress response by comparing offspring numbers of 
(descendants of) control and irradiated individuals. In Paper I, which relies 
exclusively on offspring counts to assess the effects of the radiation, we added 
a second experimental generation. We expected the signal in the second 
experimental generation to be reflecting mainly effects caused by unchecked 
DNA damage (i.e., induced mutations), while we expected patterns in the first 
generation after irradiation to also reflect effects of ROS and denatured 
proteins to an unknown extent. 

Heat shock 
Heat shock treatments are a commonly used method in experimental biology. 
For more information on the characteristics of the heat shock response, refer 
to the paragraph on thermal stress above. Generally, a heat shock is a short-
term exposure to a temperature that is significantly above the physiological 
optimum of an organism. In our experiments the treatment intensity (i.e., 
temperature and duration) have been chosen to obtain the strongest possible 
effects while trying to ensure that the beetles could mate within a reasonable 
time after the heat shock. Practically, the thermal range meeting these criteria 
is relatively narrow and, in the experiments presented in this thesis, we opted 
for the ability of beetles to mate, ensuring the unhindered execution of the 
experiment at the risk of weaker effects. Although the heat shock effects are 
very weak in some instances, all experiments yielded clear results suggesting 
that we selected appropriate heat shock intensities in most instances. In Paper 
III, we used Petri dishes on a heating plate to heat shock beetles. In Paper IV, 
we instead used an incubator, ensuring an even temperature across different 
Petri dishes and reducing effects of beetle behaviour on the experienced heat 
shock (on the heating plate, the bottom of the dish is hotter than the lid and 
beetles holding on to the lid will experience lower temperatures than beetles 
staying on the bottom). 
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Summary of results 

Paper I: Here, we tested genetic long-term, and short-term allocation trade-
offs between adaptation to, and investment into sexual selection and germline 
maintenance. We mated irradiated males from the three experimental 
evolution regimes (outlined above) to standard females and subsequently 
quantified the reduction in offspring quality through dominant (Fig. 5; F2 
fitness) and recessive mutations (Fig. 6; survival of inbred lines carrying a 
mutation load originating from the irradiation of a male from the alternative 
regimes). We found a higher mutation load in F1 offspring that originates from 
an irradiated father from the N-regime compared to offspring originating from 
an irradiated father from one of the regimes evolving under sexual selection 
(S, N+S), indicating that “genic capture” through sexually selected traits leads 
to improved male quality under sexual selection. We also tested for evolved 
differences in allocation patterns between engagement in socio-sexual 
interactions and germline maintenance, and we showed that S-males pass on 
a higher mutation load if exposed to socio-sexual interactions, while males of 
the other two regimes do not show this plastic reduction of germline 
maintenance. This indicates that unconstrained sexual selection can lead to 
detrimental shifts in allocation patterns. To elucidate what causes this plastic 
increase of mutation rate in S-males exposed to socio-sexual interactions we 
analysed mating behaviour, sperm regeneration, and ejaculate investment. We 
found that S-males show a different ejaculate allocation pattern over four 
consecutive matings, likely in order to remain competitive in a higher number 
of matings (they seem to distribute ejaculates more evenly over matings). 
Although the results of our follow-up experiments do not reveal the exact 
underlying mechanisms, they highlight that unconstrained sexual selection 
does indeed affect allocation patterns related to sexually selected traits. The 
results of this study offer a solution to the lek paradox through dynamics that 
related mutation rate with the strength of sexual relative to natural selection 
and have further implications for mutation load at mutation-selection balance 
and adaptive processes in populations under sexual selection. 
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Figure 5: Illustration of dominant mutation load. Mutation load reflected in the 
relative loss in F2-offspring number relative to unirradiated controls, calculated as 
(1-[F2IRRADIATED/F2CONTROL]). F1 offspring of N-line males (red) showed a 
higher mutation load compared to F1-offspring of N+S- (yellow) and S-line (blue) 
males. S-line males showed a plastic increase in mutation load if exposed to socio-
sexual interactions. Values represent posterior means and 95% credible intervals. 

 

 
Figure 6: Illustration of recessive mutation load. Survival curves showing 
recessive mutation load of inbred lines originating from control (grey, dotted) 
individuals, or irradiated N-line (red) or S-line (blue) that were either kept isolated 
(solid lines) or exposed to socio-sexual interactions (hatched lines), showing the 
same significant interaction between selection regime and the socio-sexual treatment 
as found for dominant mutations. 
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Paper II: The aim was to study the mechanisms underlying the plastic decrease 
in germline maintenance observed for beetles evolving under strong sexual 
selection in Paper I, and furthermore, to investigate potential mechanisms 
underlying the widespread male bias observed for germline mutation rates. 
Hence, we repeated parts of the first experiment, but in a more targeted 
approach, followed by a gene expression analysis to identify candidate genes 
that could be responsible for the observed phenotypic effects. We started by 
confirming that S-males are superior sperm competitors (P1 and P2) compared 
to males of the other two regimes (data shown in figure 14). We then repeated 
the previous experiment (Paper I), but this time only using S-lines and 
investigating the effects of exposure to male-male competition and mating in 
a crossed design (i.e., also including the treatments male-male competition 
without mating, and mating without competition). The results of this study 
show that the results found in Paper I are repeatable, but also that male-male 
competition and mating have independent negative effects on germline 
maintenance (Fig. 7). While the effects of mating last 24 hours or longer, the 
effects of male-male competition are only detectable at the census at 3 hours 
after the social treatment and irradiation, but not at 24 hours after the 
treatment. We identified 18 genes that show a response in their expression to 
the radiation treatment. Furthermore, we showed that these genes also respond 
to the socio-sexual treatments and predict offspring quality reduction caused 
by the radiation treatment (Fig. 8). Interestingly, we found that, in general, 
these genes are showing higher expression levels in females (Fig. 9). Together, 
our results provide evidence for a negative effect of post-copulatory sexual 
selection on germline maintenance, which indicates a causal link to the male 
bias in germline mutation rates. 
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Figure 7: Reduction in offspring quality (1-[F2IRRADIATED/F2CONTROL]) 
for first (A, 3 hours after irradiation) and second (B, 24 hours after irradiation) 
matings of S-line males. Males were exposed to one of four different social 
environments before irradiation: 1. Isolated, without any competitors or mating 
partners (virgin, green symbols), 2. without mating partners but with 4 male 
competitors (male, blue symbols), 3. without competitors but with one female 
mating partner (mated, orange symbols), or 4. with 4 male competitors and 5 female 
mating partners (mixed, pink symbols). This figure highlights how different aspects 
of the social environment led to consequences affecting offspring quality for 
different amounts of time. Values represent posterior means and 95% credible 
intervals. 
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Figure 8:  Relationship between gene expression profile (as canonical scores) 
and reduction in offspring quality fathered by irradiated males. (A) The x-axis, 
representing the first dimension of the canonical correlation analysis of gene 
expression profiles, reflects how irradiation-like gene expression was in control and 
irradiated males. Stronger reductions in offspring quality after irradiation seem to be 
connected to more irradiation-like expression profiles of the control males (i.e., 
baseline expression before irradiation) in the respective group. Male-male 
interaction consistently induced a more irradiation-like gene expression profile. 
Arrows indicate the effect of adding males to the socio-sexual environment. (B) 
Here the x-axis represents the second dimension of the canonical correlation 
analysis, reflecting strength of the irradiation response. A larger gene expression 
response to irradiation (seen in unmated males), led to a smaller reduction in 
offspring quality. Arrows indicate the effect of adding females (and thus mating 
opportunities) to the socio-sexual environment. 
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Figure 9: Heatmap of scaled normalized log2 expression values of the 18 genes 
responding to the radiation treatment. Samples are separated by sex. Genes that 
are downregulated in response to the radiation treatment coincide with genes with 
male biased expression, while genes that are upregulated in response to irradiation 
tend to show female biased expression. This indicates that females generally invest 
more into germline maintenance compared to males. 
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Paper 3: With this study we intended to dissect how short-term effects of the 
mating system affect patterns of male and female TSF (through purging of an 
artificially induced mutation load). We used a heat shock and a developmental 
heat stress treatment. We complemented the findings of the main experiment 
with a series of follow-up experiments, investigating how male and female 
TSF depend on mating system and temperature stress parameters such as the 
effects of male harm to females, recovery period, effects of multiple mating, 
and stress exposure of either one or both parents. We found that only two 
generations of reproduction under different mating regimes (relaxed selection, 
natural (i.e., fecundity) selection, sexual and natural selection) affect how 
males and females are affected relative to each other. Populations maintained 
under selection showed overall higher fertility at benign conditions compared 
to populations under relaxed selection, showing effective purging of the 
induced mutation load (Fig. 10). The female biased sex bias in TSF, found in 
all regimes if exposed to developmental heat stress, was significantly larger in 
populations evolving under sexual selection and natural selection. In 
combination with results of the follow-up experiments, this suggests that male 
induced harm during mating might be playing an important role in shaping 
female TSF in C. maculatus (Fig. 10, 11a). Furthermore, it suggests that the 
two generations of sexual selection, purged a higher amount of deleterious 
genetic variation affecting male function rather than female function. This 
may be expected considering that sexual selection represents strong 
directional sex-specific selection. Nevertheless, the size of the effects and the 
repercussions it has on TSF are remarkable. Additionally, the results of 
follow-up experiments presented in this study highlight the importance to 
consider all details of the experimental design when assessing TSF. Recovery 
period (Fig. 11b), the extent of male harm (Fig. 11a), remating, the type of 
applied heat stress, as well as the life stage at which it is applied are all factors 
that strongly affected TSF measured in our experiments. We then compared 
the range of sexual dimorphism in TSF created by the various treatments 
applied in this study to values extracted from studies that applied the same 
treatments to male and female individuals (Fig 12). This comparison showed 
that within species estimates of sex bias in TSF vary strongly depending on 
the experimental design, highlighting the need for a unified framework under 
which to test sex-specific TSF. 
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Figure 10: Sex-specific effects of exposure to developmental heat stress on 
lifetime reproductive output. Life time reproductive output of couples in which 
either the female (red dots), the male (blue dots), or neither of the parents (white 
dots) were developing at a stressful temperature of 35°C. Boxes reflect whether the 
individuals originated from populations without induced mutation load (grey), or 
from populations in which a mutation load has been induced and subsequently 
purged by two generations under a monogamous (red), polygamous (yellow), or a 
mating system applying relaxed selection (green). A comparison of the white dots of 
populations with induced mutation load to the white dot of the control populations 
reflects the efficiency of the respective mating system in purging the mutation load. 
Values represent means and 95% confidence intervals. 
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Figure 11: Effects of the experimental design on measures of thermal sensitivity 
of fertility. (a) Effects of multiple mating and cohabitation with a male (giving 
opportunity for male harm) on female fertility if the female was either developing at 
benign temperature (black) or at a stressful temperature of 35°C (red). (b) 
Reproductive output of a single mating  of a male that was exposed to a heat shock 
(blue) or served as a control (black) and allowed to mate once at 2 hours after the 
heat shock and again (to a virgin female) at 26 hours after the heat shock. Patterns of 
male recovery from a heat shock at 26 hours were not dependent on the first mating 
(see Paper 3). Both panels show means and 95% confidence intervals. 

 
Figure 12: Illustration of the variation in sexual dimorphism in thermal 
sensitivity of fertility (TSF). Open symbols represent data where the heat treatment 
was applied at the juvenile stage, closed symbols represent data where the heat 
treatment was applied at the adult stage. Standardized measures of the sex difference 
in TSF was calculated as: SDTSF = (TSFfemale -TSFmale)/((TSFfemale + 
TSFmale)/2), where TSF is the relative fertility loss due to heat stress (1-
benign/stress). 95% confidence intervals were calculated through propagation of the 
uncertainty reported for measures of reproductive output within the respective 
studies (see supplementary material of Paper III). 
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Paper 4: In this paper we explored how long-term adaptations under sexual 
selection, specifically postcopulatory selection, interact with sex-specific TSF 
in response to a heat shock treatment. Since germline maintenance showed 
pronounced plastic responses to the socio-sexual environment in previous 
papers, we also tested the effects of perceived male-male competition and, 
furthermore, we tested the effects of heat shock on male fertility at two 
different time points (i.e., recovery periods) after the heat shock. Additionally, 
we tested how heat shock effects are transferred from parents to offspring, 
because, depending on direction and sex-specificity, transgenerational effects 
could have further implications for populations in the face of climate change. 
In this study we again used the long-term experimental evolution lines varying 
in relative sexual and natural selection strength. We found that the TSF of both 
sexes increases with increasing sexual selection strength. Male TSF was 
strongly correlated to sperm offensive ability (P2, measured in Paper II), 
indicating the presence of trade-offs between adaptations to postcopulatory 
sexual selection and the ability to cope with heat stress. Female fertility at a 
benign temperature was significantly higher in lines evolving under sexual 
selection, leading us to hypothesise that female TSF is shaped by genetic 
correlations between male and female reproductive genes. Our results on 
transgenerational effects of a heat shock indicate negative paternal effects on 
offspring with a tendency to be stronger in sons, but not affecting offspring 
TSF. The male-male competition treatment showed stronger effects in control 
males and in populations evolving under sexual selection but had no effects 
on TSF. However, we only measured the effects of competition on the first 
mating, in which effects of the heat shock were generally lower than in the 
second mating. The results of this study demonstrate a trade-off between 
sperm competitive ability and germline maintenance (reflected in TSF), the 
costs of which only become apparent once demands on germline maintenance 
increase due to stressful environmental condition. If reductions in germline 
maintenance only become apparent under exposure to stressful environments, 
this means that trade-offs between postcopulatory sexual selection and 
germline maintenance may be more widespread than previously assumed. 
This may lead to increased threats of global warming for populations evolving 
under strong postcopulatory sexual selection. 



 43

 
Figure 13: Sex-specific offspring numbers for control and heat shocked 
individuals from the three selection regimes. Fertility in number of offspring for 
mating couples in which the focal heat shocked individual was either female (red) or 
male (dark blue for first mating 1 h after treatment, light blue for second mating 7 h 
after treatment). Grey bars represent fertility for control couples. 
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Figure 14: Plots of line means for male TSF with female TSF and male traits 
relevant for postcopulatory sexual selection. Panels show the association of male 
TSF with (a) female TSF, (b) sperm regeneration (measured as the number of sperm 
transferred in mating, 25 hours after sperm depletion; data from Paper I), (c) sperm 
defence (P1 fertilisation success), and (d) sperm offense (P2 fertilisation success) 
(P1 & P2 data from Paper II). Whiskers for P1 and P2 fertilisation success represent 
95% credible intervals and whiskers for all other measurements represent 95% 
confidence intervals. Note that the axes of some panels have been adjusted for better 
illustration, which cuts off the error bars in some instances. 
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Conclusions 

In this thesis, I investigate how adaptations due to sexual selection affect 
germline maintenance. Evolutionary theory predicts that if sexual selection 
acts on condition dependent traits, then sexual selection should lead to an 
improvement of germline maintenance through an improvement of general 
genetic quality. At the same time, adaptations due to sexual selection are often 
costly and, thus, likely to trade-off with other costly traits, such as germline 
maintenance. The empirical data I present in this thesis supports both 
predictions. I show that sexual selection can indeed increase germline 
maintenance through selection on condition dependent traits. However, I also 
confirm the existence of trade-offs which become apparent under stressful 
environmental conditions. 

All experiments presented in this thesis were done using the seed beetle C. 
maculatus, but there are reasons to assume that many of the patterns and 
relationships I found extend to other sexually reproducing species. Both DNA 
repair/maintenance mechanisms and the heat stress response contain elements 
that are highly conserved across the tree of life, in addition to novel aspects 
that have evolved in response to more species specific selection pressures 
(Aravind et al., 1999; Groothuizen & Sixma, 2016; Schmollinger et al., 2013). 
Adaptations due to sexual selection also show striking parallels between 
different species, such as the exaggeration of secondary sexual traits (Darwin, 
1871) and adaptations to sperm competition (Parker, 1984; Parker, 1970). The 
results of the experiments presented in Papers I, II, and in particular IV, 
highlight that the costly nature of many sexually selected traits do indeed lead 
to trade-offs as assumed by evolutionary theory (Andersson, 1994; Zahavi, 
1975), and that this can be reflected in elevated germline mutation rate and 
increased TSF. These trade-offs may only materialise when environmental 
stress increases demands on germline maintenance, or in other words, when 
individual condition is insufficient to meet the elevated need for germline 
maintenance. Furthermore, in Paper IV we showed that the costs of these 
trade-offs must not be limited to males and can extend to female reproductive 
traits, likely through genetic correlations between male and female 
reproductive traits. However, as the results of Papers I and III show, sexual 
selection can also lead to improvements of overall condition as suggested by 
the “genic capture”-hypothesis (Rowe & Houle, 1996; Tomkins et al., 2004), 
which is in line with efficient purging of deleterious variation through sexual 
selection on condition-dependent male traits in general (Whitlock & Agrawal, 
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2009), and in C. maculatus specifically (Grieshop et al., 2021), as shown in 
Paper III.  

In conclusion, the data presented in the papers of this thesis highlight how 
intricate the relationship between sexual selection and germline maintenance 
can be, and that it remains difficult to predict how different aspects of sexual 
selection are reflected in germline maintenance. The research presented in this 
thesis shows, for example, that different aspects of germline maintenance can 
react differently to selection pressures, and that changes in some condition-
dependent aspects of germline maintenance only show under specific 
environmental conditions. These findings extend our understanding regarding 
the maintenance of genetic variation and the mutation load at mutation-
selection balance in sexually reproducing species. They also add an additional 
layer to questions regarding optimal mate choice, similar to how advanced age 
may reflect high genetic quality, while at the same time leading to a reduction 
in offspring quality. In Paper II, we present a causal link between 
postcopulatory sexual selection and offspring quality, and we also show 
generally higher female expression of genes upregulated in response to a 
radiation treatment, both of which could be part of the explanation for the 
widely observed male bias in mutation rate (Ellegren, 2007; Hurst & Ellegren, 
1998; Sayres & Makova, 2011). Furthermore, the results of Papers III and IV 
increase our understanding of the factors shaping male and female TSF and 
provide insights into how trade-offs shaped by sexual selection under benign 
environmental conditions can only become apparent once germline 
maintenance is challenged in specific ways. This raises the question whether 
such trade-offs are more widespread, and whether environmental change due 
to impending climate warming may have more detrimental consequences for 
many sexually reproducing species than currently assumed.  I hope that the 
findings presented in this thesis motivate further study of the effects of sexual 
selection on germline maintenance, such as evolutionary physiological 
approaches aimed at revealing molecular mechanisms underlying the 
connection between male sperm competitiveness and male and female TSF. 
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Svensk sammanfattning 

Hos organismer med könlig (sexuell) fortplantning sker ett konstant underhåll 
av könscellernas funktionalitet. Detta är en kostsam men viktig process som 
består av mekanismer som utför kvalitetskontroll och bidrar till skyddande 
och reparation av DNA vid cellens delning. Detta underhåll är därför en av de 
huvudsakliga faktorerna som bestämmer hur många nya mutationer (föränd-
ringar i den genetiska arvsmassan) som uppkommer i varje ny avkomma, och 
cellernas förmåga till underhåll kan således påverka avkommans kvalitet. 
Könscellernas underhållsförmåga omfattar också mekanismer för att bibehålla 
homeostas och jämvikt i cellens inre biokemi under stresspåverkan från om-
givningen. Detta kan vara en livsviktig faktor hos många organismer vars fer-
tilitet påverkas negativt av störningar i miljön, så som ökande temperaturer i 
samband med klimatförändringar.  

Sexuell selektion, det urval som sker mellan individer av samma kön, ba-
serat på icke-slumpmässiga skillnader i reproduktiv framgång, är känt för att 
kunna vara en kraftfull urvalsprocess. Sexuell selektion kan ofta gynna evo-
lution av kostsamma egenskaper som ger en fördel i kampen om parning. 
Ibland kan dessa egenskaper till och med vara så kostsamma att de resulterar 
i lägre överlevnad av den som uttrycker egenskapen. Därför resulterar sexuell 
selektion ofta i en avvägning (trade-off) i hur resurser fördelas mellan olika 
kostsamma egenskaper. Sexuell selektion kan dock även leda till en generellt 
förbättrad genetisk kvalitet hos en population av organismer, om urvalet av 
sexuell partner sker baserat på egenskaper vars uttryck är beroende av indivi-
dens generella kvalitet och tillstånd. Givet att underhållsprocesser för bibehål-
len funktionalitet inom organismen, inklusive dess könscellerna, är kost-
samma och antagligen beroende av individens hälsostatus, så skulle sexuell 
selektion därför kunna leda till en genetisk förbättring av könscellernas funkt-
ionalitet och underhåll på längre sikt. 

Forskningen som presenteras i den här avhandlingen syftar till att under-
söka är hur sexuell selektion påverkar könscellernas underhållsprocesser hos 
fröbaggen, Callosobruchus maculatus, som är en välstuderad art när det gäller 
sexuell selektion hos hanar, både före och efter parning. Fröbaggar är en glo-
balt förekommande skadeinsekt på bönor i lager, både i tropiska och subtro-
piska områden. Det finns många fördelar med att experimentera med fröbag-
gar då de är lätta att föröka och sköta i laboratoriet. De förökar sig med könlig 
fortplaning och efter parning fäster honor de befruktade äggen på bönorna. 
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Larven äter bönans innehåll och larven genomgår flera olika utvecklingssta-
dier innan den färdigutvecklade vuxna fröbaggen äter sig ur bönan. Efter 3-4 
veckor börjar så livscykeln om igen och på laboratoriet kan man genomföra 
flera generationer med experimentell evolution. 

I kapitel I visar jag med experimentell evolution att i selektionslinjer där 
sexuell selektion sker är individerna bättre på att reparera artificiellt induce-
rade DNA-skador. Detta indikerar att sexuell selektion kan leda till förbättrad 
genetisk kvalitet och underhåll av könscellerna hos fröbaggehanarna. Jag fann 
dock också mönster som tyder på att parnings-interaktioner, som kan tänkas 
vara kostsamma att investera i för hannar, kan leda till en reducering i köns-
cellernas underhåll hos hannar som evolverat under stark sexuell selektion. 
Detta indikerar att det finns en avvägning mellan investeringar som resulterar 
i hög parningsframgång och investeringar som ökar könscellernas underhåll.  

I kapitel II detaljstuderar vi denna effekt vidare. Med kompletterande fen-
otypiska data visar det sig att, när evolution enbart sker under sexuell selekt-
ion, utvecklar hanarna en överlägsen förmåga till spermiekonkurrens. Med 
hjälp av data på RNA-uttryck presenteras 18 kandidatgener vars uttrycks i 
hanlig reproduktiv vävnad svarar på artificiellt inducerade DNA-skador, och 
dessa gener svarar också på parnings-interaktioner. Analysen av genuttryck 
indikerar också att honor generellt investerar mer i könscellernas underhåll, 
vilket skulle kunna förklara varför mutationer oftare nedärvs via fäder hos 
många arter.  

I kapitel III utforskar jag hur naturlig och sexuell selektion  verkar på nya 
skadliga mutationer och om genetisk kvalitet påverkar hur temperaturkänslig 
fertiliteten hos hanar och honor är. Jag fann att sexuell selektion minskar tem-
peraturkänsligheten hos hanar, men ökar den hos honor, och att detta till viss 
del kan bero på skador som aggressiva hanar åsamkar honor under parning. 

I kapitel IV använder jag experimentell evolution på samma sätt som i ka-
pitel I och II. Jag undersökte hur temperaturkänsligeten hos hanars och honors 
fertilitet påverkas av framförallt sexuell selektion efter parning (spermiekon-
kurrens). Resultaten styrker att det finns avvägningar mellan sexuellt selekte-
rade egenskaperna som gynnats av spermiekonkurrens och könscellernas un-
derhållsförmåga, men att detta framförallt framträder i stressiga miljöförhål-
landen, när extra stora krav ställs på könscellernas underhåll. Jag visar också 
att den överlevande avkomman är av sämre kvalitet om fäderna utsatts för het 
temperatur innan parning, en effekt som inte syntes om istället mödrarna ex-
ponerades för het temperatur. 

Sammanfattningsvis visar forskningen i den här avhandlingen ett intrikat 
samband mellan sexuella urvalsprocesser och könscellernas underhåll. Vis-
serligen kan sexuellt urval förbättra könscellernas underhåll genom urval av 
konditionsberoende egenskaper, men avvägningar mellan sexuellt selekterade 
anpassningar och könscellernas underhåll är vanligt förekommande. Det är 
möjligt att dessa avvägningar bara kan påvisas under vissa stressfulla situat-
ioner, och inte alls är lika uppenbara under mer goda levnadsförutsättningar. 
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Avhandlingens resultat har potentiellt mycket långtgående implikationer för 
vår förståelse kring de processer som påverkar hur genetisk variation bibehålls 
inom populationer med könslig fortplantning, samt för vilka konsekvenser an-
passningar till sexuell selektion kan få under framtida klimatförändringar.    
 

 
 
 

Swedish summary by Ingrid Ahnesjö and David Berger 
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Schwiizerdüütschi Zämefassig 

D’Erhaltig und Wartig vo de Keimbahn isch wichtig zum d Qualität und 
Aazahl Chind möglichscht höch zhalte. D Mechanisme zum sicherstelle, dass 
d DNA nöd beschädiged wird und dass d Bedingige I de Zälle au undr ungüns-
tige Umweltverhältnis stabil bliibed chosted allerdings vill Energie und Re-
sourssä. Das bedüüted, dass dMutationsrate und dFähigkeit Nachwuchs zha 
vo andere Vorgäng im Körper wo au Energie und Resourssä choschted chön-
ted abhängig sii. 

Sexuelli Selektion isch e evolutionäri Chraft wo bekannt isch defür, dass si 
Iifluss uf tüüri Merkmal het und oft förderlich isch für dBildig vo tüüre Merk-
mal. Grundsätzlich bezeichnet mer alli Merkmal als unter sexueller Selektion 
wo zu Unterschiid im Fortpflanzigserfolg zwüsched Individue vom gliiche 
Gschlächt innerhalb vonere Spezies füehred.  
De Iifluss vo sexueller Selektion uf die choschtspilige Merkmal isch aber nöd 
ganz klar will theoretisch gits zwei Möglichkeite. Einersiits isches wahrschin-
lich dass es Kompromiss git zwüsched verschidene tüüre Merkmal will mer 
halt nur e bestimmti Mängi a Resourssä hät und die muess zwüsched verschi-
dene Merkmal uufteile. Anderersiits gits aber au die so genannti “genic cap-
ture”-Hypothesä. Die Hypothesä beschriibt d Aanahm, dass dUusbildig vo 
Merkmal under sexueller Selektion sött vo de genetische Qualität vom Indi-
viduum abhänge. Das wür erkläre werum mer i de Natur immer vill Variation 
findet i Merkmal unter sexualler Selektion, obwohl so starchi Selektion 
eigentlich sött dezue füehre, dass alli Individue die gröschtmöglich Version 
vome Merkmal hend. Das heisst, dass sexuelli Selektion eigentlich uf die ge-
netischi Qualität würkt. Falls die Hypothesä stimmt, würd sexuelli Selektion 
zunere Vebesserig vo de genetische Qualität i de Population füehre und somit 
au dezue, dass Individue generell meh Resourssä zur Verfüegig hend und 
chönd meh id Erhaltig vo de Keimbahn inveschtierä. 

Während mim Dokter hani untersuecht wie sich sexuelli Selektion uf dEr-
haltig vo de Keimbahn vo Samechäfer vo de spezies Callosobruchus macula-
tus uswürkt. Die Chäferspezies isch bekannt für starchi sexuelli Selektion vor, 
aber au nach de Paarig. Wenn es Wiibli sich mit mehrere Männli paart, gits en 
Wettbewerb drum welli Spermie s schaffed dEier vom Wiibli zbefruchte. 

I Kapitel I zeigi, dass männlichi Chäfer, vo experimentelle Evolutionslinie 
wo sich für 28 Generatione under sexueller Selektion entwickled hend, besser 
sind drin, künschtlich induzierti DNA-Schäde (durch Verstrahlig mit Gamma-
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strahle) zrepariere als Chäfer wo sich nöd under sexueller Selektion en-
twickled hend. Dass düüted druf hii, dass sexuelli Selektion di genetisch 
Qualität erhöhe chan wie vo de “genic capture”-Hypothesä beschribe. Ich ha 
aber im gliiche Experimänt au usegfunde, dass Männli wo sich under starcher 
sexueller Selektion entwicklet hend und vor em Experimänt mit andere 
Männli und Wiibli zämegläbt hend (und sich drum imne Wettbewerb um Paa-
rige befunde hend und sich paart händ), schlächter drin sind DNA-Schäde zre-
pariere als Männli, wo vor em Experimänt isoliert gsi sind. Das düüted druf 
hii, dass es au en Kompromiss cha geh zwüsched Investitione is Paarigsver-
halte und Investitione id Erhaltig vo de Keimbahn. 

I Kapitel II ergänze mer die phänotypische Date zu de experimentelle Evo-
lutionslinie mit Date wo zeiged, dass Männli wo sich under sexueller Selekt-
ion entwickled hend besser sind im Wettbewerb zwüsched Spermie. 
Zuesätzlich hemr d Expression vo RNA I de Fortpflanzigsorgan vo Männli 
und Wiibli vo allne Linie vor und nach de Induktion vo DNA-Schäde analy-
siert. Für die Linie wo sich under starcher sexueller Selektion entwickled hend 
und im vorherige Experimänt e Reaktion zum Zämeläbe mit Wiibli und andere 
Männli zeigt hend, hemr die Behandlig au für d RNA Analyse widrholt, nur 
das Mal hemr au na Männli nur mit andere Männli (die chönd sich also nöd 
paare) und anderi Männli nur mit Wiibli (die chönd sich paare aber sind nöd 
im Wettbewerb mit andere Männli) ghalte. Dur die Analyse hemr 18 Gen wo 
e Reaktion uf DNA-Schäde zeiged identifiziert und mer hend au chöne zeige, 
dass die Gen ufs soziale Umfeld reagiered. De Vergliich zwüsched Männli 
und Wiibli het zeigt, dass Gen wo stärcher exprimiert sind nach de Induktion 
vo DNA-Schäde, vor de Induktion stärcher exprimiert sind i Wiibli. Das 
chönnt zum Teil erchläre werum Männli vo de meischte Tierspezies (inclusive 
Mänsche) meh Mutatione a ihre Nachwuchs wiiterreiched als Wiibli.  

I Kapitel III hani zerscht Mutatione innere Chäferpopulation induziert 
(oder i andere Wort, ich ha die genetischi Qualität reduziert) und denn hani 
die Population uf verschideni Replikat ufteilt, wo sich nacher für zwei Gene-
ratione under verschiedene Paarigsregime fortpflanzt hend (sexuelli und 
natürlichi Selektion, nur natürlichi Selektion, und gar kei Selektion (sowiit das 
möglich isch)). Denn hani gluegt wie empfindlich d Fortpflanzig vo dene ver-
schidene Population isch wemr si Hitzestress usetzt. Ich han usegfunde, dass 
Wiibli grundsätzlich empfindlicher sind und dass de Gschlächterunterschiid 
zuenimmt under sexueller Selektion. Verschideni nachfolgendi Experimänt 
händ zeigt, dass e wahrschinlichi Erchlärig chönnt si, dass Männli de Wiibli 
schaded während de Paarig und, dass die sexuelli Selektion uf dMännli 
möglicherwiis meh Mutatione entfernt het wo vorallem männliche Funktione 
gschadet het was dezue gfüehrt het, dass die Männli de Wiibli meh gschaded 
hend. D Nachfolgeexperimänt händ zuesätzlich au na zeigt, dass es sehr druf 
aachunnt wie genau de Hitzestress agwändet wird und generell wie sExperi-
mänt duregfüehrt wird für was für Resultat dass mer findet.  
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I Kapitel IV hani widr die gliiche experimentelle Evolutionslinie bruucht 
wie i de erste zwei Kapitel. Das Mal hani gluegt wie empfindlich d Fortpflan-
zig vo männliche und wiibliche Chäfer, wo sich über langi Ziit under verschi-
dene Paarigsregime entwickled hend, isch, wemr si Hitzestress uussetzt. 
Männli und Wiibli wo sich under sexueller Selektion entwickled hend sind 
empfindlicher gsi. Usserdem isch d Kompetitivität vo de Spermie vo de 
Männli sehr starch mit ihrere Hitzeempfindlichkeit korreliert gsi, was ufen 
Kompromiss zwüsched dene zwei Sache hiidüüted. Das würd bedüüte das Wi-
ibli wahrschinlich empfindlicher werded wills e genetischi Korrelation 
zwüsched männlicher und wiiblicher Fortpflanzig git. Die Ergebnis zeiged au, 
dass es guet chan sii, dass Kompromiss zwüsched Aapassige under sexueller 
Selektion und Keimbahnerhaltig erscht sichtbar werded wenn Umweltstress 
de Druck uf dKeimbahnerhaltig verstärcht.  

Zämefassend cha mer säge, dass die verschidene Experimänt wo ich i mi-
nere Dokterarbet vorstelle druf hiiwiised, dass Keimbahnerhaltig starch vo 
sexueller Selektion beiflusst wird. Allerdings isches nöd immer so eifach vor-
her zsäge wie. Beidi Ideä woni am Aafang erchlärt ha (Kompromiss und d”ge-
nic capture”-Hypothesä) treffed zue i gwüsse Situatione und es chunnt druf 
ah, was genau und unter wellne Umständ mer misst. Grundsätzlich cha mer 
aber sage, dass dChöschte vo Aapassige under sexueller Selektion under op-
timale Umweltbedingige nöd unbedigt sichtbar sind und sich oft erscht den 
zeiged wenn de Druck uf d Keimbahnerhaltig stiigt will sich dUmwelt verän-
dered. Das chönnt bedüüte das dFolge vo de Klimaerwärmig für vill Spezies, 
wo sich under sexueller Selektion entwickled, schlimmer werded als bisher 
aagnah. 
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