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1. INTRODUCTION

1.1. Inbreeding effects in naturally outbreeding species

All populations of normally outbreeding species contain a load of rare partially recessive 
alleles	that	reduce	fitness	when	homozygous	(Frankham	et	al.	2010).	Since	inbreeding	
increases levels of homozygosity the hidden genetic load carried by a population is exposed 
by mating among relatives (Frankham et al. 2010). Despite the evolved behavioral and 
genetic mechanisms to avoid inbreeding, mating among relatives occurs regularly in 
many populations of wild species (Pusey & Wolf 1996; Crnokrak & Roff 1999; Hedrick 
& Kalinowski 2000; Keller & Waller 2002; O’Grady et al. 2006; Frankham et al. 2010). 
The negative effects of incestuous mating on individual performance and population 
persistence can be devastating (Keller & Waller 2002; Frankham 2005; Kristensen & 
Sørensen 2005; Reed et al. 2007). Apart from the negative effects on the mean values 
of	many	fitness-related	traits,	inbreeding	leads	to	changes	in	the	distribution	of	genetic	
variance. Ultimately, in small and isolated populations inbreeding and genetic drift tend 
to decrease genetic variability (Kristensen & Sørensen 2005; Buskirk & Willi 2006). The 
extent to which genetic diversity is lost and characters displaced away from the selective 
optima	 are	 important	 for	 individual	 fitness	 as	 well	 as	 for	 population	 dynamics	 and	
viability (Buskirk & Willi 2006; Willi et al. 2006; Hughes et al. 2008; Vandewoestijne 
et al. 2008; Reed et al. 2007).	 Because	 genetic	 diversity	 is	 required	 for	 populations	
to evolve in response to environmental changes and because heterozygosity levels are 
linked	directly	to	reduced	population	fitness	via	inbreeding	depression,	genetic	diversity	
is one of the three levels of biodiversity that the World Conservation Union (IUCN) has 
recommended for conservation (Reed & Frankham 2003; Frankham et al. 2010).

Inbreeding depression occurs when offspring produced by the mating of close relatives 
show reduced trait values (Wright et al. 2008). Two hypotheses have been advanced to 
account for the existence of inbreeding depression. According to the overdominance 
hypothesis inbreeding depression is due to the general superiority of heterozygotes over 
homozygotes, whereas the partial dominance hypothesis posits that inbreeding depression 
results from the increased expression of deleterious recessive or partially recessive 
alleles that are masked in heterozygotes but are exposed in homozygotes (Charlesworth 
& Charlesworth 1987, 1999; Roff 2002a; Charlesworth & Willis 2009; Kristensen et al. 
2010). Which of the two hypotheses underlies the cause of inbreeding depression is still 
open to debate, although the partial dominance hypothesis has replaced the once more 
popular overdominance hypothesis, and is now the most favored in explaining inbreeding 
depression	 at	 least	 for	most	fitness	 traits	 (Charlesworth	&	Charlesworth	 1987,	 1999;	
Barrett & Charlesworth 1991; Dudash & Carr 1998; Roff 2002a; Wright et al. 2008 but 
see e.g. Karkainen et al. 1999; Li et al. 2001; see also Willis 1999; Frankham et al. 2001; 
Crnokrak & Barrett 2002; Radwan 2003; Swindell & Bouzat 2006a,b). Because the 
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strength of inbreeding depression depends on the genetic load carried by a population, 
inbreeding depression may not always be visible in inbred individuals, and even within 
populations it may be environmentally-dependent (Crnokrak & Roff 1999; Armbruster 
& Reed 2005; Szulkin & Sheldon 2007). 

1.1.1. Trait and environment specific consequences of inbreeding

Although	inbreeding	generally	reduces	fitness	its	magnitude	and	effects	can	be	highly	
variable depending on the trait (Roff 1998; DeRose & Roff 1999; Wright et al. 2008; 
Mikkelsen et al. 2010), environment (Armbruster & Reed 2005; Kristensen & Sørensen 
2005; Liao & Reed 2009; Kristensen et al. 2010), history of inbreeding (Bijlsma et al. 
2000; Kristensen et al. 2003; Reed et al. 2003; Pedersen et al. 2005; Demontis et al. 
2009), genetic makeup of a population (Reed et al. 2003, 2007; Vandewoestijne et al. 
2008; Bijlsma et al. 2010) and selection (Bijlsma et al. 1999; Whitlock 2002; Swindell 
& Bouzat 2006c; Leberg & Firmin 2008; Demontis et al. 2009). The effect of inbreeding 
on a given trait depends upon the proportion of directional dominance in it (Roff 1997; 
Roff & Emerson 2006). Because traits under weak selection are expected to show less 
directional dominance than traits that are under stronger selection (Lynch & Walsh 1998) 
inbreeding depression is expected to be more pronounced for life-history traits than for 
traits	not	closely	related	to	fitness	(Roff	1997;	Roff	1998;	DeRose	&	Roff	1999;	Roff	
& Emerson 2006; Wright et al. 2008).	The	influence	of	environmental	variation	on	the	
magnitude of inbreeding depression has gained a lot of attention in the past few years. 
Because	of	their	decreased	overall	fitness	and	genetic	variability	inbred	individuals	are	
expected to be more sensitive to changing environmental conditions than their outbred 
conspecifics	 (Bijlsma	 et	 al.	 1999;	 2000;	 Dahgaard	 &	 Hoffmann	 2000;	 Kristensen	
et al. 2003, 2010; Reed et al. 2003; Vermeulen & Bijlsma 2004; Armbruster & Reed 
2005; Kristensen & Sørensen 2005; Swindell & Bouzat 2006c; Liao & Reed 2009). 
Furthermore, most studies report more pronounced inbreeding depression under novel 
and stressful conditions (Armbruster & Reed 2005; Kristensen & Sørensen 2005; Liao 
& Reed 2009; Kristensen et al. 2010). 

Armbruster and Reed (2005) reviewed the literature on the relationship between 
the magnitude of inbreeding depression and environmental stress and although in 76 
% of the reviewed cases inbreeding depression was found to be greater under stressful 
conditions the authors emphasized the importance of noting the large number of cases 
in which inbreeding depression was not found to increase. Moreover, in the common 
fruit	fly,	Drosophila melanogaster, low levels of inbreeding depression in resistance to 
a number of stress factors were recently reported (Mikkelsen et al. 2010). Organisms 
use such methods as increased expression of stress proteins and changes in metabolism 
and hormone concentration to cope with environmental stress (Hoffmann & Parsons 
1991; Sørensen et al. 2003). Genes being differentially expressed between inbred and 
outbred lines have been shown to include an overrepresentation of those associated 
with metabolism, stress and defense suggesting that inbreeding induces some of the 



 Introduction 7

same responses as environmental stress (Kristensen et al. 2002, 2005; Pedersen et 
al. 2005; Ayroles et al. 2009; Paige 2010). It has been suggested that the deleterious 
effects of inbreeding could, at least to some extent, be ameliorated by a set of genes 
that respond to inbreeding (Vermeulen et al. 2008). For instance, up-regulation of genes 
coding for antibacterial peptides in an inbred population could play a role in explaining 
those observations in which better disease resistance is found among inbred compared 
to outbred populations (Kristensen et al. 2003). On the other hand, inbred individuals 
have been suggested to have the option of devoting more resources to stress resistance 
than	outbred	individuals	as	a	consequence	of	their	reduced	investment	into	other	traits.	
For example, inbred crickets, Gryllodes sigillatus, have been suggested to have the 
option of devoting more resources to cellular immunity than outbred individuals due 
to their reduced reproductive effort (Gershman et al. 2010). Furthermore, the intrinsic 
difference in the amount of energy spent on courting between inbred and outbred male 
bruchid beetles, Callosobruchus maculates, has been suggested as an explanation for 
the increased lifespan in response to inbreeding (Bilde et al. 2009). Hence, although 
inbreeding	generally	reduces	fitness,	its	effects	can	be	highly	trait	and/or	environment	
specific.

1.2. Early-life nutrition and adult performance

Phenotypic development is the result of a complex interplay between the genetic 
architecture of an organism and the environment it experiences during development. 
Depending on the environmental conditions a given genotype can hence give rise to 
a variety of phenotypes (West-Eberhard 2003). At present there is a great interest in 
the extent to which environmentally induced phenotypic change is adaptive (Monaghan 
2008).	 Predictive	 adaptive	 responses	 are	 defined	 as	 changes	 that	 take	 place	 during	
development in response to environmental cues, but where the advantage of the 
induced phenotype is not evident until later in life (Gluckman et al. 2005; Monaghan 
2008).	Whether	 such	 phenotypic	 changes	 are	 beneficial	 depends	 on	 how	 closely	 the	
conditions experienced during development predict those later in life (Monaghan 2008; 
Saastamoinen et al. 2010). However, although phenotypic plasticity can be adaptive, 
it need not be. For example, where low resource availability gives rise to a low-
quality	 individual,	 development	 of	 the	 optimum	 phenotype	 is	 simply	 constrained	 by	
environmental effects (Monaghan 2008).

The immediate negative effects of adverse environmental conditions on individual 
fitness	are	well	documented	in	the	ecological	literature.	The	impact	of	early-life	nutrition	
in determining life-history variation in organisms is also widely recognized (Metcalfe 
& Monaghan 2001; Mitchell & Read 2005; Taborsky 2006; Andersen et al. 2010). In 
general, whereas diet restriction and mild starvation are often associated with increased 
longevity and stress tolerance (Bubli et al. 1998; Wenzel 2006; Burger et al. 2007; Smith 
et al. 2007) poor nutrition during early development is usually associated with negative 
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effects on many adult traits such as body size, survival, secondary sexual trait expression, 
stress and disease resistance (Lindström 1999; Metcalfe & Monaghan 2001; Lummaa & 
Clutton-Brock 2002; Gluckman & Hanson 2004; Waterland & Jirtle 2004; Mitchell & 
Read 2005; Taborsky 2006; McGraw et al. 2007; Andersen et al. 2010). Laboratory 
experiments with D. melanogaster that have manipulated the protein availability (yeast 
concentration) in the larval growth media have demonstrated the effect of poor early 
nutrition on several morphological and postcopulatory traits (Bubliy et al. 2000; Amitin 
& Pitnick 2007; McGraw et al. 2007), stress resistance (Andersen et al. 2010) and 
immune gene expression (Fellous & Lazzaro 2010). Even if an organism appears to 
recover	 from	the	nutritional	deprivation	when	food	conditions	subsequently	 improve,	
nutritional	 deficits	 experienced	 during	 early	 development	 may	 still	 have	 permanent	
effects on the adult individual and even on its offspring (Metcalfe & Monaghan 2001; 
Ali et al. 2003; Vijendravarma et al. 2010). Moreover, although compensatory intake can 
bring	quick	benefits,	the	attempt	to	compensate	for	a	bad	start	may	itself	be	associated	
with a variety of costs, which are not well documented (Lindström 1999; Metcalfe & 
Monaghan, 2001; Ali et al., 2003). The complex effect of diet on individual performance 
is further demonstrated by the growing number of studies demonstrating interaction 
between parental and offspring nutrition in determining offspring performance (Prasad 
et al. 2003; Mitchell & Read 2005; Bonduriansky & Head 2007; Grech et al. 2007; 
Donelson et al. 2009; Frost et al. 2010; Vijendravarma et al. 2010).

1.2.1. Transgenerational effects of parental nutrition

In addition to direct environmental effects current and past environmental conditions 
experienced by other individuals, often the parent(s), may be important in shaping an 
organism’s	phenotype	(Mousseau	&	Fox	1998).	Parental	effect	is	defined	as	any	effect	
on offspring phenotype that is not determined by the offspring’s DNA but instead is 
brought about by the genotype or environmental experience of its parents (Youngson & 
Whitelaw	2008;	Bounduriansky	&	Day	2009).	Parents	that	acquire	high	condition	from	a	
resource-rich	environment	may	benefit	by	transferring	their	condition	to	their	offspring,	
which	 due	 to	 their	 higher	 quality	will	 do	 better	 under	 any	 environmental	 conditions	
than	 offspring	 of	 poor-quality	 parents	 (Mousseau	&	 Fox	 1998;	Vijendravarma	 et	 al.	
2010). On the other hand, parents may also respond to environmental cues in ways that 
enhance offspring performance under particular environmental circumstances. Under 
this scenario, offspring will do best in an environment similar to that experienced by 
their parents (Mousseau & Fox 1998; Badyaev & Uller 2009). Because mothers tend to 
invest	more	resources	in	production	and/or	care	of	offspring	maternal	effects	are	often	
considered more important than paternal effects (Ridley 1978; Tallamy 1984; Zeh & 
Smith 1985; Mousseau & Fox 1998; Magiafoglou & Hoffmann 2003). However, because 
only a few studies have actually tested for environmentally induced paternal effects in 
species where males make no obvious material contribution to offspring, the effect of 
the paternal environment or the potential for joint effects of both parental environments 
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on offspring performance remain poorly understood in such species (Bonduriansky & 
Head 2007).

Variation in parental nutrient provisioning is considered important in determining 
progeny phenotype (Bonduriansky & Day 2009). The effect of maternal nutrient 
provisioning on offspring condition and life-history has been documented for a number 
of species including many insects (Mousseau & Dingle 1991; Rossiter 1996; Mousseau 
& Fox 1998; Bounduriansky & Day 2009). Although paternal effects have been reported 
in species where males contribute to offspring care or provide females with nutrition 
or	other	 substances	 that	can	be	 transferred	 to	eggs/embryos	by	 the	 female	 (Dussourd	
et al. 1988; Rossiter 1996; Smedley & Eisner 1996; Hunt & Simmons 2000; Gillott 
2003; Guzman-Novoa et al. 2005; García-González & Simmons 2005; 2007; Ivy 2007; 
Bonduriansky & Day 2009) parental effects are often assumed to be mediated solely 
by the mother when males do not partake in progeny care in the conventional sense 
(Bonduriansky & Head 2007; Ivy 2007; Curley et al. 2011). One such species where 
males make no obvious material contribution to offspring is D. melanogaster (Markow 
& Ankney 1984). Even though it is used extensively for studies of nutrition-related life-
history trade-offs relatively little is known about cross-generational dietary effects in this 
species (Prasad et al. 2003). D. melanogaster females raised on poor larval food have 
been found to lay heavier eggs than females raised on standard food, which could indicate 
enhanced egg provisioning by poorly fed mothers (Prasad et al. 2003; Vijendravarma 
et al. 2010). In those species that lack parental care, egg or newborn size can be used 
as an estimate of parental provisioning (Roff 2002b). Moreover, according to a study 
by Vijendravarma et al. (2010) D. melanogaster raised on poor food developed faster 
and were lighter if their mothers also developed on poor food. No effect of maternal 
diet on development time and body size was detected when the offspring were raised 
on standard food (Vijendravarma et al. 2010). The results of these and other studies 
indicate a role for maternal experiences in determining how offspring respond to current 
environmental conditions (Prasad et al. 2003; Mitchell & Read 2005; Bonduriansky & 
Head 2007; Grech et al. 2007; Donelson et al. 2009; Frost et al. 2010; Vijendravarma et 
al. 2010). Although paternal effects have been demonstrated in D. melanogaster (Giesel 
1988; Huey et al. 1995; Watson & Hoffmann 1995; Crill et al. 1996) no studies have 
investigated male-mediated transgenerational effects of diet in this species. In mice and 
in	the	fly	Telostylinus angusticollis dietary effects of both mothers and fathers have been 
shown to be transmissible to the next generation (Bonduriansky & Head 2007; Curley 
et al. 2011).

1.3. Cost of immunity

Susceptibility to pathogens and genetic variation in disease resistance is assumed to 
persist in nature because of the high costs associated with immunity (Sheldon & Verhulst 
1996; Schmid-Hempel 2003). In terms of resource investment disease resistance is a 
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costly function. Costs of resistance come in three forms (Schulenburg et al. 2009). Costs 
involved in maintaining the immune system are related to investments made into the 
infrastructure of the system and keeping the system at a given level of readiness in the 
absence of infection; costs of deployment arise from using the immune system (Sheldon 
& Verhulst 1996; Siva-Jothy et al. 2005; Sadd & Schmid-Hempel 2009a; Schulenburg et 
al. 2009). Whereas the latter form of costs is only paid when the individual is infected, 
the former form of costs is paid irrespective of infection. The third form of costs is 
associated with immunopathology – i.e. tissue damage caused by the immune system 
(Sadd & Siva-Jothy 2006; Schulenburg et al. 2009). To come up with the costs associated 
with disease resistance organisms make trade-offs between immune function and other 
life-history traits (Kraaijeveld & Godfray 1997; Fellowes et al. 1998; Moret & Schmid-
Hempel 2000; McKean et al. 2008; Ye et al. 2009; Bascuñán-García et al. 2010; van der 
Most	et	 al.	2011).	Consequently,	 assuming	energy	and	 resources	are	 limiting	 factors,	
once used in disease resistance, the energy and resources are no longer available for 
other	functions	which	may	have	fitness	consequences	to	the	individual.	

Costs	 of	 immunological	 deployment	 are	 readily	 measured	 as	 a	 change	 in	 fitness	
following immunological challenge (Schmid-Hempel 2003; Siva-Jothy et al. 2005). 
To	 demonstrate	 the	 costs	 of	 immunological	maintenance	 is	 somewhat	more	 difficult	
(Lochmiller & Deerenberg 2000). Råberg et al. (2002) studied the costs of immunological 
maintenance	by	comparing	the	basal	metabolic	rates	of	normal	and	lymphocyte	deficient	
knockout	mice	(mice	without	adaptive,	but	with	innate	immunity)	and	found	deficient	
mice having higher metabolic rates than normal mice, indicating that an optimal 
combination of innate and adaptive immunity could save energy. Because invertebrates 
lack the adaptive defense system, the constraints set by maintenance costs are assumed 
to be different in invertebrates (Schmid-Hempel 2003). The approach mostly used for 
identifying	 costs	 of	 immunological	 maintenance	 in	 invertebrates	 involves	 artificial	
selection. D. melanogaster lines selected for increased resistance and compared, in the 
absence	of	infection,	with	the	appropriate	control	lines	in	a	range	of	fitness	parameters	
have been widely employed in this context (Kraaijeveld & Godfray 1997; Fellowes et al. 
1998; Ye et al. 2009; see also Hoang 2001; McKean et al. 2008).

Although it is generally recognized that immunity is costly, we still know relatively 
little about how these costs are distributed among different compartments of the 
immune system. The cellular immune responses have been suggested as being more 
effective in cleaning bacterial infections than the humoral responses (Haine et al. 2008), 
which suggests different costs for the two arms of the innate immunity. In studies that 
have investigated maintenance costs of immunological defense it is in most cases 
not possible to differentiate the costs of antibacterial defense from those of cellular 
defense (Kraaijeveld & Godfray 1997; Fellowes et al. 1998; Hoang 2001; McKean et 
al. 2008; Ye et al. 2009). Furthermore, resource availability can play an important role 
in determining the strength and direction of trade-offs between immunity and other life 
history components (McKean et al. 2008). When resources are not limiting organisms 
can compensate extra demands by increasing the intake of resources, and hence, costs of 
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immunity	are	often	detected	first	when	conditions	deteriorate	(Moret	&	Schmid-Hempel	
2000; Hoang 2001; Schmid-Hempel 2003; McKean et al. 2008).

1.4. Immune function in Drosophila

In	contrast	to	vertebrates	that	have	both	an	acquired	and	an	innate	system	of	defense,	
invertebrates rely on innate immune reactions for defense against infection (Gillespie et al. 
1997). A key feature of the adaptive immunity is immunological memory. In vertebrates 
the development of B and T cells into memory cells provides a mechanistic basis for 
immune memory. As no such cells exist in invertebrates, it has long been controversial 
whether	something	functionally	akin	to	the	vertebrate	acquired	immunity	could	exist	in	
invertebrates (Sadd & Schmid-Hempel 2009b). Although increased protection against 
microparasitic	infection	functionally	equivalent	to	the	acquired	response	of	vertebrates	
has now been demonstrated in some invertebrate species, extensive homology between 
vertebrates and invertebrates has only been found for the innate defense system (Little 
et al. 2005; Sadd & Schmid-Hempel 2007). Unlike in vertebrates, the mechanism 
underlying invertebrate immunological memory is not yet understood (see e.g. Kurtz & 
Armitage 2006).

The	first	and	critical	step	in	the	initiation	of	an	immune	response	is	the	recognition	of	
the invading pathogen. Most of the systemic response of insects is activated by pattern-
recognition receptors that recognize infectious agents (Broderick et al. 2009). Once 
pathogens are recognized a variety of defense reactions can be activated either directly, 
as in the case of phagocytosis and melanization, or indirectly through intracellular 
immune-signaling pathways that initiate the transcriptional activation of appropriate 
antimicrobial peptides (AMPs) (Das et al. 2009 and the references therein). Innate 
immunity of insects is divided into two major reaction types: humoral and cellular 
reactions. Whereas immunocytes perform the major cell-mediated immune functions (e.g. 
phagocytosis,	melanization-encapsulation	and	nodulation)	that	act	as	a	first	line	defense,	
humoral factors, characterized by the inducible expression of a large array of AMPs, are 
considered to function secondarily to eliminate those infectious agents that survive the 
constitutive immune response (Gupta 2001, 2002; Haine et al. 2008). In Drosophila the 
production of AMPs is regulated by two signaling pathways, Toll and Imd (Lemaitre 
et	al.	1995).	Both	signaling	cascades	lead	to	nuclear	 localization	of	an	NF-κB	family	
transcription	 factor	Dif/Dorsal	or	Relish,	consequently	 leading	 to	expression	of	AMP	
genes and to the production of AMPs (Leclerc & Reichhart 2004; Royet et al. 2005). The 
Imd pathway branches into two distinct sub pathways of which one leads to transcription 
of AMP genes via Relish while the other, JNK signaling, has a role in cellular immune 
responses and in the stress response (Park et al. 2004; Royet et al. 2005). In general, 
microbial pathogens such as fungi and bacteria are tackled by the humoral immune 
system. Whereas immune response to Gram-negative bacteria is primarily mediated via 
the Imd pathway, the Toll pathway reacts to fungi and Gram-positive bacteria (Leclerc 
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& Reichhart 2004; Royet et al. 2005). Despite its lack of antibody-mediated defense 
mechanisms akin to those found in vertebrates the innate immune system of insects is 
quite	specific	in	its	antimicrobial	action	(Das	et	al.	2009).	The	cellular	immune	system	
plays a role against microbial pathogens via phagocytosis, but is also used against 
macro-parasites such as parasitoids which are too large to be phagocytosed. Intruders 
are encapsulated by a two-stage process consisting of envelopment of the parasite by 
hemocytes, followed by the deposition of melanin (Gillespie et al. 1997; Gupta 2001).

In vertebrates offspring can inherit maternal immune function through antibodies 
(Grindstaff et al. 2003). Similar phenomena have recently been observed among 
invertebrates (Little et al. 2003; Sadd et al. 2005; Moret 2006; Sadd & Schmid-Hempel 
2007). Whereas in vertebrates the mechanism underlying transgenerational immunity is 
clear, the mechanism behind the phenomena in invertebrates has yet to be uncovered. 
In	transgenerational	immunity,	both	the	mother	and	her	environment	may	influence	the	
phenotype of the offspring. For example, female Daphnia that reproduced under poor 
nutritional conditions were found to produce offspring that were more resistant to a 
bacterial pathogen than offspring of mothers that reproduced in a high-food environment 
(Mitchell & Read 2005). The ways in which invertebrate offspring resistance relates 
to aspects of parental experience other than pathogen pre-exposure have not been 
systemically investigated (Miller et al. 2009). Moreover, with a notable exception 
(Roth et al. 2010), studies on trans-generational priming have thus far focused on a 
transfer	 via	 the	mother.	Using	 the	 red	flour	 beetle,	Tribolium castaneum, Roth et al. 
(2010) challenged the traditional view that males provide only genes to their offspring in 
species without parental care by demonstrating that trans-generational immune priming 
can occur also through fathers. If trans-generational immune priming takes place via both 
parents as observed in the study by Roth et al. (2010), information about pathogens in 
the	environment	of	both	parents	could	be	transferred	to	the	offspring	and	consequently,	
the protection offspring receives from its parents may even be more than additive and 
hence, result in offspring better adapted to the local conditions (Roth et al. 2010).
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2. AIMS OF THE THESIS

This thesis investigates the condition dependent effects of inbreeding and the expression 
of condition-dependent traits. In studies I and II condition-dependent effects of 
immunological maintenance were investigated by creating lines of Drosophila 
melanogaster that differed in their antibacterial innate immune response. In study I costs 
of immunological maintenance on survival were investigated by following the survival 
of	the	flies	under	starved	and	fed	conditions.	In	study	II the effects of immunological 
maintenance on male attractiveness were investigated by comparing the mating success 
of	wild	type	(wt)	and	immunodeficient	mutant	flies.	The	possible	effect	of	early	nutrition	
in shaping the response in study II was	assessed	by	repeating	the	study	with	flies	reared	
under both poor and standard nutritional conditions. In study III the effects of inbreeding 
on adult survival under starved and fed conditions were investigated. In study IV the 
effects of early nutrition on the magnitude of inbreeding depression in development 
time, adult body size and adult resistance to the bacterium Serratia marcescens were 
investigated. Finally, in study V the possible transgenerational effects of parental early 
nutrition on offspring development time, adult body size and adult susceptibility to the 
bacterium S. marcescens were examined. Both maternal and paternal dietary effects 
as well as their interaction on offspring raised themselves under standard nutritional 
conditions were tested.

If	 a	 trait	 is	 costly	 to	 produce	 and/or	maintain	 I	 hypothesize	 the	 costs	 to	 be	more	
pronounced under conditions in which resources are limiting (I, II). Moreover, I expect 
more	erratic	consequences	of	inbreeding	when	combined	with	the	effects	of	nutritional	
stress (III, IV). Finally, I anticipate the effects of early nutrition to be transmitted to the 
next generation (V).
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3. MATERIALS AND METHODS

More detailed descriptions of materials and methods can be found in the original articles.

3.1. Study species

All	studies	were	conducted	on	the	common	fruit	fly,	Drosophila melanogaster Meigen, 
1830 (Diptera: Drosophilidae).

3.1.1. D. melanogaster stocks and husbandry

Flies used in studies III, IV and V were collected from a laboratory base population of D. 
melanogaster that originates from approximately 500 females collected by baits from an 
apple grove at Lappi in Southern Finland in September 2006. These wild caught females 
were	also	used	to	create	the	inbred	and	outbred	lines	of	flies	needed	in	study	III (see 
section 3.1.2.	Inbred	and	outbred	flies).	After	their	establishment	in	the	laboratory	the	
stock was expanded and maintained in large glass jars at room temperature (23 ± 1 °C) 
under continuous light with a standing adult population of several thousand individuals. 
D. melanogaster larvae were reared on: 10 g agar, 80 g cornmeal, 20 g brewer’s yeast, 
1.5	dl	syrup,	10	ml	nipagin,	1	L	water	diet	and	adult	flies	were	fed	with	baker’s	yeast.	
Oregon	R.	flies	(D. melanogaster laboratory strain) that were needed in study II were 
maintained in large glass jars at 22 °C in a 12L:12D light regime. Oregon R. larvae were 
reared on: 10 g agar, 60 g potato muss powder, 11 g baker’s yeast, 60 g syrup, 8.5 ml 
nipagin, 1 L water diet and adults were fed with baker’s yeast. In studies II, IV and V, 
in which larvae were reared under both standard and poor nutritional conditions the poor 
food environment refers to conditions in which the amount of baker’s yeast was reduced 
to	1/10	(study	II) and that of brewer’s yeast (studies IV and V)	to	1/8	of	the	standard	
amount. Ice and CO2	were	used	in	handling	the	flies.

3.1.2. Inbred and outbred flies

Inbred	 and	outbred	flies	used	 in	 studies	 III and IV were generated by following the 
crossing design of Roff (1998, 2002a; see also Wright et al. 2008). First, females from 
the stock (study IV)	/	wild	caught	females	(study	III) were allowed to lay eggs in baker’s 
yeast supplemented vials (one female in each vial). Upon eclosion to the adult stage 
the	next	 generation	flies	were	 collected	 as	 virgin	 and	male–female	pairs	were	 set	 up	
to construct full-sibling families (16 full-sibling families in study IV, 20 full-sibling 
families in study III). These families were then grouped into pairs (ten pairs in study 
III, eight pairs in study IV)	and	adults	were	crossed	as	shown	in	figure	1	−	from	each	
group, two inbred families were formed by full-sib mating, and two outbred families 
were formed by reciprocal matings of a male and a female from each family within the 
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group.	The	advantage	of	the	breeding	design	is	that,	within	each	group,	there	is	an	equal	
representation of alleles, only their combinations changing (Roff 1998). In study IV only 
the	first	generation	progeny	of	these	matings	were	used.	In	study	III the maintenance 
of the lines was continued for approximately 30 generations before the experiments 
commenced. Full-sibling mating was used to continue the inbred lines, the outbred 
lines were continued by mating a female from an outbred line with a randomly chosen 
male from the base population. The crossed lines used in study III were constructed by 
crossing	separate,	randomly	chosen	inbred	lines	(only	the	first	generation	progeny	of	the	
crossed lines was used).

Family A Family B 

xA yA XA YA XB YB xB yB 

Inbred 
progeny 

Inbred 
progeny 

Outbred 
progeny 

Outbred 
progeny 

Figure 1. Schematic illustration of the breeding design for a single ‘group’: X, x, female; Y, y, 
male; upper case indicates crosses between the two families, A and B, to produce outbred progeny, 
and lower case indicates brother–sister matings, producing inbred progeny (studies III and IV).

3.1.3. Immunodeficient Relish mutant flies

Flies (D. melanogaster) used in studies I and II	were	created	by	crossing	flies	deficient	
in the functional Relish protein (Relish	E20	mutant	flies)	with	wt	Oregon	R.	flies.	The	
outcrossing	was	done	because	mutant	flies	(Relish E20) may differ not only in the ability 
to produce AMPs in response to microbial pathogens but also in other life history traits 
compared	to	normal	wt	flies	(Oregon	R.)	and,	hence,	normal	flies	from	these	outcrosses	
provide	a	better	control	for	the	experiments.	To	produce	flies	that	are	homozygous	for	
either the Oregon R. wt allele or the Relish E20 deletion mutation (i.e. differ in their 
antibacterial innate immunity due to differences in the expression of the Relish gene) 
twelve Oregon R. × Relish E20 breeding pairs were set up. Each pair constituted a 
line	 that	was	maintained	 as	 an	 inbred	 line	 by	 full	 sib	mating.	 In	 the	 first	 generation	
the	amount	of	lines	was	tripled	by	setting	up	three	full-sib	pairs	per	line,	subsequently	
the amount of lines was doubled in the second and in the third generations in the same 
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manner	(see	figure	2).	After	fifteen	generations	of	full-sib	mating,	four	sisters	and	three	
of their brothers were allowed to continue a line to reduce the probability of accidental 
loss of a line.

According to Hedengren et al. (1999) immunocompromised Relish mutants die within 
17 hours when infected with approximately 2 × 105 of Enterobacter cloacae –bacteria, 
whereas	wt	flies	generally	survive	this	treatment.	To	measure	the	strength	of	immunity	
towards the bacterium E. cloacae	flies	were	anaesthetized	with	CO2, placed on ice, and 
the	thoraces	of	individual	flies	pierced	with	a	0.1-mm	pin	dipped	in	a	suspension	of	an	
overnight culture of the bacteria on LB-agar plates. Flies that were alive 24 hours after 
the infection were regarded as representing lines with normal wt immunity; the ones 
dead as representing lines with impaired immunity.

 

Oregon R (♀) × Relish E20 (♂) 

Ancestral pair 1 

1A 1B 1C 

1C1 1C2 1A2 

 

1A1 

 

1B1 1B2 

P: 

F1: 

1A1a 1A2a 1B1a 1B2a 1C1a 1C2a 

1A1b 1A2b 1B1b 1B2b 1C1b 1C2b 

F2: 

F3: 

Figure 2. Schematic illustration of the crossing scheme used to create the experimental lines used 
in studies I and II (one of the twelve ancestral pairs is given as an example). Wild type line with 
normal immunity (white colored text) was chosen a closely related pair with impaired immunity 
(bold text). Both lines descended from the same ancestral breeding pair (ancestral pair 1).

3.2. Experimental procedures

3.2.1. Lifespan and starvation resistance

In study I costs associated with maintaining a normally functioning immune system were 
investigated by following the survival of wt and Relish mutant	flies	under	starved	and	
fed conditions. In study III the effect of inbreeding on adult survival was investigated 



 Materials and Methods 17

by	comparing	the	abilities	of	inbred	and	outbred	flies	to	survive	under	starved	and	fed	
conditions.	In	the	survival	assay	each	fly	was	provided	with	a	30	ml	vial	that	contained	
either no food (starved vials) or ad libitum access to yeast (food vials). In the starved 
vials a 1 cm thick moist cotton ball was placed in the vial to ensure access to water, the 
non-starved vials contained 10-15 ml standard food with baker’s yeast on top. Vials 
were	capped	with	cotton	plugs	so	that	the	flies	had	space	to	move	freely.	The	survival	of	
the	flies	in	starved	vials	was	scored	every	two	hours.	The	survival	of	the	flies	that	were	
fed	was	checked	once	a	day	and	every	two	weeks	these	flies	were	tipped	into	fresh	food	
vials.	Consequently,	the	survival	was	determined	as	the	time	from	the	placement	of	a	fly	
in the assay vial to its death.

3.2.2. Development time and adult body size 

The effect of early nutrition on the magnitude of inbreeding depression in development 
time and the effect of parental early nutrition on offspring development time were 
investigated in studies IV and V, respectively. Development time was determined as the 
length of time between oviposition and adult eclosion. To measure development time 
parents were allowed to interact with each other and lay eggs for 24 hours in 30 ml vials. 
The following day eggs were harvested and transferred into fresh vials at a density of 20 
eggs per vial. The vials were placed at 22 °C in a 12L: 12D light regime and checked for 
emerged adults 2-3 times a day until eclosion ceased.

In studies I, II, IV and V thorax length, an estimate of adult body size, was measured 
under a light microscope using an ocular micrometer.

3.2.3. Mate choice assay

To assess the effect of Relish genotype on male mating success (study II) a Relish mutant 
and its wt relative were allowed to compete for a wt Oregon R. female in a 30 ml vial 
for	 two	hours.	The	vial	was	 capped	with	 a	 cotton	plug	 so	 that	 the	flies	were	 able	 to	
move freely. The time taken for one of the males to start copulating with the female 
was	recorded	and	 the	winner	was	 identified.	Males	 that	did	not	mate	within	 the	 time	
period of two hours were considered as having both lost the trial. To identify the males, 
they were marked with black dots on either the right or the left wing. The marking was 
interchanged between Relish	mutant	and	wt	flies	in	an	effort	to	mark	an	equal	number	of	
wt	and	mutant	flies	on	a	particular	wing.	The	marking	was	accomplished	approximately	
24 hours before the competition start. The trials were conducted at room temperature (23 
± 1 °C). A similar assay has previously been used by e.g. Rolff and Kraaijeveld (2003).

3.2.4. Pathogen resistance

The effect of early nutrition on the magnitude of inbreeding depression in adult pathogen 
resistance (study IV) and the transgenerational effect of parental early nutrition on 
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offspring disease resistance (study V) were assessed using a host resistance test, in 
which the likelihood of survival against Serratia marcescens infection was measured. S. 
marcescens (a Gram-negative entomopathogenic bacterium) is found worldwide, and it 
is known to be pathogenic to over 70 species of insects, including D. melanogaster (Flyg 
et al. 1980). The outline of the bacterial infection follows the assay used by Lazzaro et 
al. (2004, 2006).

The	 immunity	 assay	was	 performed	 on	 adult,	 virgin	 flies	 aged	 between	 4-7	 days	
(post	eclosion).	To	measure	the	strength	of	immunity	towards	the	bacterium	flies	were	
anesthetized with CO2,	placed	on	ice,	and	the	thoraces	of	individual	flies	pierced	with	a	
0.1	mm	pin	dipped	in	a	suspension	of	an	overnight	culture	of	the	bacteria	in	liquid	broth	
(OD590 = 0.039, LB = 10 g tryptone, 5 g yeast extract and 10 g NaCl, 1L water). In study 
IV	control	flies	were	pricked	with	a	pin	dipped	 in	 liquid	broth.	Because	studies I, II 
and IV	had	shown	that	flies	only	pricked	with	a	pin	(I, II)	or	with	a	pin	dipped	in	liquid	
broth survive the assay period, in study V	 the	control	flies	were	only	transferred	into	
fresh	food	vials,	 i.e.	 they	were	not	sham	infected.	After	 infection/sham	infection	flies	
were placed on fresh food and housed either individually (IV) or in same sex groups of 
2-5 individuals (V) at room temperature (23 ± 1 °C). In study IV, in which both survival 
and	survival	time	were	measured	the	survival	of	the	flies	was	scored	every	three	hours;	
in study V, in which only survival was measured the survival was scored twice daily. 
Individuals	that	survived	five	days	were	considered	to	have	survived	the	infection.

3.2.5. Inbreeding depression and heritability

In study IV, in which the effect of early nutritional environment on the magnitude of 
inbreeding depression in development time, adult body size and pathogen resistance 
was	 analyzed,	 the	 amount	 of	 inbreeding	 depression	 (δ)	was	 estimated	 as	 δ	=	 100	 (1	
– X1/X2).	In	the	equation	X1 is the trait value diminished by inbreeding and X2 is the 
outbred trait value. If the analyzed traits show inbreeding depression one would expect 
development time to increase and adult body size and pathogen resistance to decrease. 
Whereas	for	the	last	two	traits	δ	could	be	calculated	in	the	usual	manner	for	development	
time	the	calculation	needed	to	be	reversed	−	i.e.	X1 was set as the outbred trait value, X2 
as the inbred trait value. Furthermore, in study IV the response of heritability to early 
nutrition (poor vs. standard) was assessed for development time and adult body size. 
Trait heritability (h2) was	defined	as	the	proportion	of	total	phenotypic	variation	(VP) due 
to additive genetic variation (VA): h2 = VA/VP.
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4. RESULTS AND DISCUSSION

4.1. Condition-dependent effects of immunological maintenance

Costs associated with the maintenance of the humoral arm of the innate immune system 
were investigated in studies I and II. In study I in which the effect of immunological 
maintenance on survival was studied by following the survival of wt and Relish mutant 
flies	under	both	 starved	and	 fed	conditions	 immunodeficient	mutant	flies	were	 found	
to	 survive	 longer	 under	 starvation	 conditions	 than	wt	 flies;	when	 food	was	 provided	
ad libitum	 the	opposite	was	found	(figure	3).	 In	study	II the effect of immunological 
maintenance on male attractiveness was investigated by comparing the mating success 
of	 wt	 and	 mutant	 flies.	 The	 possible	 effect	 of	 the	 larval	 nutritional	 environment	 in	
determining the strength of the potential trade-off between male mating success and 
immune	function	was	assessed	by	repeating	the	study	with	flies	reared	under	both	poor	
and standard nutrition. When raised on poor food immunocompromised Relish mutants 
were	somewhat	more	successful	in	the	competition	for	mates	than	wt	flies.	When	the	
flies	were	 raised	 on	 standard	 food	 no	 difference	 in	mating	 success	 between	 the	 two	
genotypes was observed. Support for the trade-off between immunological maintenance 
and traits associated with male mating success has previously been provided by McKean 
and Nunney (2008) who selected D. melanogaster for greater sexual competitiveness and 
showed the selected lines having reduced immune function. On the other hand, studies 
that	have	manipulated	resistance	instead	of	sexually	selected	traits	appear	to	question	the	
existence of this trade-off (Rolff & Kraaijeveld 2003; Ye et al. 2009). The contradicting 
results obtained from different studies appear to support the notion that different forms 
of	defense	bear	different	costs	and	are	linked	with	different	fitness-related	traits.

The fact that costs of immunological maintenance were detected only among 
individuals subjected to adverse nutritional conditions demonstrates that the effects 
of immunological maintenance are condition-dependent. To come up with the costs of 
maintaining	and/or	using	the	immune	system	organisms	make	trade-offs	between	immune	
function	and	other	fitness	related	traits	(Kraaijeveld	&	Godfray	1997;	Fellowes	et	al.	1998;	
Moret & Schmid-Hempel 2000; McKean et al. 2008; Ye et al. 2009; Bascuñán-García 
et al. 2010; van der Most et al. 2011). Because under conditions in which resources are 
not limiting organisms can increase the intake of resources to compensate for any extra 
demands,	costs	of	immunity	are	often	detected	first	when	conditions	deteriorate	(Moret	
& Schmid-Hempel 2000; Hoang 2001; Schmid-Hempel 2003; McKean et al. 2008). The 
results of studies I and II demonstrate the importance of environmental variation in the 
study of evolutionary trade-offs and stress the importance of considering the possible 
effects of the early-life environment on adult life-history trade-offs. Moreover, studies 
I and II	are	the	first	attempts	to	demonstrate	costs	associated	with	the	maintenance	of	a	
particular compartment of the innate immune system, the antibacterial defense system.
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Figure 3.	Cumulative	mortality	 of	 immunodeficient	Relish	mutant	 and	wt	flies	 under	 starved	
(left) and non-starved environment (right). Relish	mutant	flies	are	more	short-lived	when	food	is	
provided ad libitum,	but	more	long-lived	under	starvation	conditions	compared	to	wt	flies	(for	
more details see study I).

4.2. Trait specific effects of inbreeding

In study III the effects of inbreeding on adult survival on life-span and starvation 
resistance were investigated. According to the results inbreeding reduced the mean time 
of survival under fed conditions but had no effect on survival under starved conditions 
(figure	 4).	 Because	 of	 their	 decreased	 overall	 fitness	 and	 genetic	 variability	 inbred	
individuals are expected to be more sensitive to changing environmental conditions 
than	their	outbred	conspecifics	(Bijlsma	et	al.	1999;	2000;	Dahgaard	&	Hoffmann	2000;	
Kristensen et al. 2003, 2010; Reed et al. 2003; Armbruster & Reed 2005; Kristensen 
& Sørensen 2005; Swindell & Bouzat 2006c; Liao & Reed 2009). This has also been 
suggested to decrease survival and lifespan under most circumstances (Vermeulen & 
Bijlsma 2004). Most studies report more pronounced inbreeding depression under novel 
and stressful conditions (Armbruster & Reed 2005; Kristensen & Sørensen 2005; Liao & 
Reed 2009; Kristensen et al. 2010). Armbruster and Reed (2005) reviewed the literature 
on the relationship between the magnitude of inbreeding depression and environmental 
stress and found inbreeding depression in 76 % of the reviewed cases greater under 
stressful	conditions	(in	48	%	of	the	cases	the	increase	was	found	significant).	However,	
the authors emphasized the importance of noting the large number of instances in which 
inbreeding depression was not found to increase. Moreover, in a recently published 
study	Mikkelsen	 et	 al.	 (2010)	 report	 strong	 trait	 specific	 consequences	 of	 inbreeding	
and generally low levels of inbreeding depression on resistance to such stress factors 
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as heat, cold and desiccation in D. melanogaster. Whereas evidence for the deleterious 
effects of inbreeding on lifespan has been previously provided, the effects of inbreeding 
on starvation resistance remain largely unexplored (Sverdlov & Wool 1975; Hoffmann 
et al. 2001).

The results of study III	indicate	highly	trait	specific	consequences	of	inbreeding.	The	
effect of inbreeding on a given trait depends upon the proportion of directional dominance 
in that trait (Roff 1997; Roff & Emerson 2006). In general, traits under weak selection are 
expected to show less directional dominance than traits that are under stronger selection 
(Lynch & Walsh 1998). The results of study III demonstrate that whereas directional 
dominance is observed for lifespan no directional dominance is observed for starvation 
resistance	 (figure	4).	Consequently,	because	 the	flies	 in	our	experimental	set	up	were	
normally maintained under ample food conditions in the laboratory little selection may 
have operated at loci controlling starvation resistance, which could explain the absence 
of inbreeding depression in that trait. Inbreeding effects on starvation resistance within 
wild populations may turn out to be rather different from those documented among 
laboratory adapted populations because in the wild populations are more likely to face 
periods of food scarcity. 

Figure 4. Mean survival times (±1 SE) under fed and starvation conditions (study III).

4.3. The magnitude of inbreeding depression is not widely affected by 
early nutrition

In study IV the effects of early nutrition (poor vs. standard) on the magnitude of inbreeding 
depression in development time, adult body size and adult resistance to the bacterium S. 
marcescens were investigated. According to the results early nutritional environment had 
no effect on the magnitude of inbreeding depression in development time or adult body 
size	but	may	have	played	a	small	role	in	adult	resistance	to	the	bacterial	infection	(figure	
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5). Whereas the bacterial disease was the most important factor explaining survival, 
sex	and	food	quality	were	the	most	important	factors	explaining	development	time	and	
adult body size. In general, food restriction improved 5-day survival, which agrees with 
the	classical	finding	of	increased	longevity	under	calorie	restriction	(Bubli	et	al.	1998;	
Wenzel 2006; Burger et al. 2007; Smith et al. 2007). Moreover, the observed better 5-day 
survival of the outbred individuals compared with that of the inbred individuals agrees 
with	the	classical	finding	of	increased	effects	of	inbreeding	under	stressful	conditions	
(figure	4)	(Armbruster	&	Reed	2005;	Kristensen	&	Sørensen	2005;	Liao	&	Reed	2009;	
Kristensen et al. 2010; but see Mikkelsen et al. 2010; study III). There are no previous 
studies investigating the combined effect of early nutrition and inbreeding on individual 
performance.

The observed low values of inbreeding depression in both development time and 
adult body size suggest little directional dominance for these traits. Large variation 
among the inbreeding depression values for 5-day survival and survival time indicate 
that some of the inbred lines were as good at withstanding infection as were the outbred 
lines whereas other inbred lines did worse or even better than some of the outbred lines. 
Among vertebrates there is an abundance of evidence that inbreeding compromises the 
resistance of species to parasites and pathogens (Keller & Waller 2002). Contrary to 
studies on vertebrates, studies on invertebrates are not consistent with the observation 
that inbreeding compromises resistance to infectious agents (Stevens et al. 1997; Gerloff 
et al. 2003; Calleri et al. 2006; Rantala & Roff 2006; Gershman et al. 2010). Individuals 
used	 in	 the	 foundation	 of	 the	 lines	 obviously	 carried	 different	 alleles	 (beneficial	 or	
deleterious) that contributed to the observed variation in the inbreeding depression 
values for survival and survival time. The results demonstrate that some populations can 
retain high pathogen resistance to a particular pathogen following population bottlenecks 
whereas others cannot.

The estimates for heritabilities of development time in the poor food environment 
were	significantly	larger	than	those	measured	in	the	standard	food	environment,	whereas	
no difference in the variation in the heritability of adult body size under the two food 
treatments was detected. The measured heritability difference in development time was 
primarily because of a decrease in the additive genetic variance under ‘‘unfavourable’’ 
conditions. The basis for increased genetic variance often observed during stress is a 
debated topic (Sørensen et al. 2003). Several hypotheses have been invoked to explain 
heritability differences between environments. The predictions that arise from these 
hypotheses are variable (Hoffmann & Merilä 1999). Because study IV was not designed 
to identify the mechanisms behind the observed differences in heritabilities between the 
two treatments, the results only add to the growing body of literature that heritabilities 
are not constant but vary with environmental conditions.



 Results and Discussion 23

 

Figure 5.	Mean	proportional	survival	and	mean	survival	time	of	those	flies	that	did	not	survive	
the	five	day	assay	period	as	a	function	of	breeding	type,	food	level,	and	disease	treatment	(study	
IV). 

4.4. Maternal and paternal environments interact in their effect on 
offspring performance

In study V, in which the effect of parental early nutrition on offspring development 
time, adult body size and adult resistance to the bacterium S. marcescens was studied, 
flies	for	the	parental	generation	were	raised	on	either	poor	or	standard	diet	and	then	
mated	in	the	four	possible	sex-by-parental	diet	crosses.	Female	flies	that	were	raised	
on poor food as larvae produced larger offspring than females that were raised on 
standard food. Furthermore, male progeny sired by fathers that were raised on poor 
food were larger than male progeny sired by males raised on standard food. No effect 
of paternal diet on adult body size of the female offspring was detected. Egg-to-
adult development times were shortest for offspring whose one parent was raised on 
standard and the other parent on poor food (P-S, S-P) and longest for offspring whose 
both parents were raised on poor food (P-P). Offspring whose parents were raised on 
standard	food	(S-S)	had	intermediate	development	times	(figure	6).	No	evidence	for	
transgenerational effects of parental larval diet on offspring disease resistance was 
found.

Since in D. melanogaster body size increases with development time (Roff 2002b) 
it is possible that the larger size of offspring whose parents were raised on poor food 
reflects	a	trade-off	with	the	slower	development	of	these	offspring.	Hence,	by	directly	
affecting one of the two traits, development time or adult size, parental nutrition could 
have caused indirect changes in the other trait. Parental dietary effects would hence seem 
to involve both adaptive as well as maladaptive effects on offspring performance. The 
results of the present study could suggest that under appropriate nutritional conditions 
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an individual’s life-history strategy may, to some extent, be determined by the nutritional 
history	of	its	parents.	Consequently,	when	raised	under	standard	nutritional	conditions	
offspring whose parents were raised on standard food would develop faster but be 
smaller as adults than offspring whose parents were raised on poor food; offspring whose 
parents have a history of malnourishment would have the opposite strategy. Which of 
the	two	life-history	strategies	is	most	beneficial	under	the	given	circumstances	cannot	
be	identified	by	our	experimental	setup.	By	comparing	development	times	of	offspring	
whose parents both had experienced poor nutritional conditions as larvae (P-P) with 
those whose parents were raised on standard food (S-S) it would appear that parents 
transferred their condition to their offspring. However, because the shortest development 
times were found among offspring whose one parent was raised on standard and the 
other parent on poor food (P-S, S-P) the mechanistic basis appear more complicated 
than that.

In species, such as D. melanogaster, where males do not partake in progeny care 
in the conventional sense parental effects are often assumed to be mediated solely by 
the mother (Markow & Ankney 1984; Bonduriansky & Head 2007; Ivy 2007; Curley 
et al. 2011). While study V demonstrates the importance of not only considering 
the relative contributions each parental sex has on progeny performance but also 
the potential interactions that may exist among the sexes it does not address the 
underlying modes of action. In general, whereas maternal effects comprise a number 
of phenomena (Mosseau & Fox 1998; Wolf & Wade 2009) the possible factors 
contributing to paternal effects are less clear. Because incorporation of nutrients 
from the male ejaculate does not occur in D. melanogaster (Markow & Ankney 
1984),	differential	female	investment	in	reproduction	based	on	the	perceived	quality	
of the mate or alternatively, variation in the ability of males to manipulate female 
reproductive investment could play a role in paternal transmission of, in this case, 
dietary effects (for similar reasoning see Pischedda et al. 2011). On the other hand, 
if variation is directly caused by males it could occur via variation in male seminal 
proteins (Pischedda et al. 2011; Chapman 2001; Findlay et al. 2008). Epigenetic 
modifications	of	sperm	DNA	could	also	have	a	role	 in	mediating	 transgenerational	
parental effects (Curley et al. 2011). Whatever the mechanism will turn out to be, the 
emerging evidence supporting the occurrence of paternal effects in species with no 
paternal care indicate the possibility that also paternal experience may be translated 
into	variation	in	offspring	fitness.
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Figure 6. Cumulative development times of offspring (data pooled across sexes). The progeny 
of P-P parents had the longest development times, those of S-S intermediate development times 
and those of S-P and P-S parents had the shortest development times. All comparisons were 
statistically	significant	except	for	that	between	the	progeny	of	S-P	and	P-S	parents.	Curves	were	
calculated using the Kaplan-Mayer survival analysis (study V).
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5. CONCLUDING REMARKS

Although the ability to conserve energy is important to any organism at risk of experiencing 
food scarcity, the ability to save energy becomes fundamental during actual episodes of 
food shortage. Under caloric restriction limiting energy usage and shifting metabolism 
toward oxidation of stored nutrients take place (Kersten et al. 2010). Under conditions 
of resource limitation organisms need to distribute limited resources between various 
competing traits based on their relative importance. Under such adverse environmental 
conditions only those individuals in good conditions can afford to spend resources on 
those	 traits	 ranked	 as	 less	 important.	To	 come	up	with	 the	 costs	 of	maintaining	 and/
or using the immune system organisms make trade-offs between immune function and 
other	fitness	 related	 traits	 (Kraaijeveld	&	Godfray	1997;	Fellowes	et	al.	1998;	Moret	
& Schmid-Hempel 2000; McKean et al. 2008; Ye et al. 2009; Bascuñán-García et al. 
2010; van der Most et al. 2011; studies I and II). As the results of this thesis and those 
of	 previous	 studies	 demonstrate	 such	 resource-based	 trade-offs	may	 be	 detected	first	
when conditions deteriorate (Moret & Schmid-Hempel 2000; Hoang 2001; Schmid-
Hempel 2003; McKean et al. 2008; studies I and II). Moreover, the results of this thesis 
stress the importance of considering the possible effects of the early-life environment 
on adult life-history trade-offs (study II). Although it is generally recognized that 
immunity is costly, not much is known about how these costs are distributed among 
different compartments of the immune system. Relish is a key factor in the induction 
of an entire set of antibacterial as well as antifungal peptides with no known effects 
on	cellular	 immune	reactions	(Hedengren	et	al.	1999).	Using	genetically	modified	D. 
melanogaster Libert et al. (2006) demonstrated, by overexpressing the putative pathogen 
receptor molecule PGRP-LE, that chronic activation of innate immunity pathways 
reduces lifespan in this species. The reduced longevity was shown to be due to continued 
activation	of	the	NF-κB	factor	Relish	suggesting	the	presence	of	a	physiological	cost	for	
enhanced antimicrobial immunity and a trade-off between resistance and longevity. In 
studies investigating maintenance costs of immunological defense it is in most cases not 
possible to differentiate the costs of antibacterial defense from those of cellular defense 
(Kraaijeveld & Godfray 1997; Fellowes et al. 1998; Ye et al. 2009; Hoang 2001; McKean 
et al. 2008). Studies I and II	are	the	first	attempts	to	estimate	costs	associated	with	the	
maintenance of the antimicrobial defense system. 

In the wild many species have to cope with periodical malnutrition or starvation 
and even those animals with seemingly abundant food supplies may be limited by the 
availability	of	specific	nutrients	(Raubenheimer	&	Simpson	1999;	Harbison	et	al.	2004;	
Rion & Kawecki 2007; Andersen et al. 2010). Nevertheless the effects of inbreeding on 
individual performance under dietary restricted conditions remain largely unexplored. 
Whereas evidence for the deleterious effects of inbreeding on lifespan has been previously 
provided, only a few studies have investigated effects of inbreeding on survival under 
starved conditions (Sverdlov & Wool 1975; Hoffmann et al. 2001). A number of studies 
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report more pronounced inbreeding depression under novel and stressful conditions 
(Armbruster & Reed 2005; Kristensen & Sørensen 2005; Liao & Reed 2009; Kristensen 
et al. 2010). According to the results of this thesis (study III) inbreeding reduced 
survival under fed but not under starved conditions. Although the mechanisms behind 
the	observed	results	cannot	be	identified	by	the	experimental	design	used	in	study	III, the 
results	demonstrate	highly	trait	specific	consequences	of	inbreeding.	Because	the	flies	
in our experimental set up were normally maintained under ample food conditions in 
the laboratory little selection may have operated at loci controlling starvation resistance. 
Inbreeding effects on starvation resistance within wild populations may hence turn out 
to be rather different from those documented among laboratory adapted populations 
because in the wild the trait is more likely to be under selection as wild populations are 
more likely to face periods of food scarcity.

Whereas the immediate negative effects of adverse nutritional conditions are generally 
well documented in the ecological literature, the understanding of the importance of 
early-nutrition on individual performance has emerged more recently (Lindström 1999; 
Metcalfe & Monaghan 2001; Lummaa & Clutton-Brock 2002; Gluckman & Hanson 
2004; Waterland & Jirtle 2004; Mitchell & Read 2005; Taborsky 2006; McGraw 
et al. 2007; Andersen et al. 2010). To our knowledge, there are no previous studies 
investigating the combined effect of poor early nutrition and inbreeding on organism 
performance. Although the interaction between inbreeding depression and early 
nutritional environment may have had a small role in adult survival and resistance to 
S. marcescens	 infection,	 in	 general	 the	 findings	 of	 this	 thesis	 provide	 little	 evidence	
that	the	magnitude	of	inbreeding	depression	is	influenced	by	early	nutrition	(study	IV). 
We studied the relationship between inbreeding and one component of invertebrate 
immunity. Since different components do not necessarily show correlated responses 
(Adamo 2004), it would be of interest to investigate the combined effects of inbreeding 
and poor early nutrition on other aspects of immunity.

Furthermore, environmental conditions experienced by parents are increasingly 
recognized to affect offspring performance. Past environmental conditions, especially 
those experienced by the mother, are considered important in shaping offspring phenotype, 
and recently, they have been shown to play an important role in determining the way 
offspring respond to current environmental conditions (Prasad et al. 2003; Mitchell & 
Read 2005; Bonduriansky & Head 2007; Grech et al. 2007; Donelson et al. 2009; Frost 
et al. 2010; Vijendravarma et al. 2010). Variation in parental nutrient provisioning is 
considered particularly important in shaping offspring phenotype (Bonduriansky & Day 
2009).	The	extent	 to	which	maternal	environment	influences	offspring	phenotype	and	
fitness	is	considered	to	determine	whether	such	effects	themselves	will	be	acted	on	by	
natural selection (Mousseau & Fox 1998). The existence of paternal effects indicates 
that	 paternal	 experience	may	 also	 be	 translated	 into	 variation	 in	 offspring	 fitness.	 In	
addition	 to	 their	 practical	 significance	 such	 effects	would	 have	 important	 theoretical	
implications	in	the	field	of	quantitative	genetics	for	their	potential	to	inflate	estimates	
of additive genetic variance (Friberg et al. 2011). The emerging evidence supporting the 
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occurrence of paternal effects in species with no paternal care suggests that sire effects 
are more common than hitherto thought. By comparing development times of offspring 
whose parents both had experienced poor nutritional conditions as larvae with those 
whose parents were raised on standard food it would appear that parents transferred 
their condition to their offspring. However, because the shortest development times 
were found among offspring whose one parent was raised on standard and the other 
parent on poor food the mechanistic basis appear more complicated than that (study V). 
Whether parental effects are independent of the mate, or whether parental effects change 
depending on the combination of the parental genotypes need further investigation.



 Acknowledgements 29

ACKNOWLEDGEMENTS

This work was carried out at the University of Turku, Department of Biology during the 
years 2007-2011. The Finnish Cultural Foundation, The Finnish Cultural Foundation’s 
Varsinais-Suomi Regional Fund, Jenny and Antti Wihuri Foundation and the Academy 
of	Finland	are	gratefully	acknowledged	for	financial	support.

First and foremost, I would like to thank my supervisor Markus Rantala for giving me 
the opportunity to work in his group and for his guidance in my thesis and introducing 
me into the world of science and that of insects.

I wish to thank all my co-authors for the articles included in this thesis. In particular, 
I would like to thank Derek Roff, who analyzed the results in studies III and IV and 
gave valuable comments on the manuscripts. I am very grateful to Anni Kleino for her 
help	with	the	GM	flies	and	providing	me	with	a	Petri-dish	of	fresh	bacteria	whenever	
I	needed	one.	I	am	also	grateful	to	Katariina	Kangassalo,	who	has	always	unselfishly	
found the time to help me with various tasks. Furthermore, her assistance in study V was 
invaluable.

In the course of this work, a bunch of people have helped me in the laboratory and in 
alphabetical order are: Eetu Louhe, Eeva Ruotsalainen, Eveliina Hussi, Hanna Hongisto, 
Ilkka Nousiainen, Kati Kemppinen, Kati Miettinen, Kristian Mäkelä, Laura Linko, Saku 
Valkamaa, Samuli Laine, Tiia Kärkkäinen and Viola Elenius. This work would not have 
been possible without the efforts of each and every one of you! In particular, I wish to 
thank Minna Lindroth for her help in the laboratory and for her commitment in study III. 
I would also like to thank Björn Johansson, Heidi Viitaniemi and Janne Kilpimaa and 
acknowledge them for their immense work load in study IV.

I warmly thank Terhi Honkola, Kati Miettinen, Kirsi Reponen, Katariina Kangassalo, 
Mari Pölkki, Kari Kaunisto, Pekka Niemelä and Erkki Korpimäki for preparing me for 
the disputation at my “varjoväitös” and giving me valuable comments on my thesis. I 
also wish to thank Matti Ketola for helping me with various computer related issues. The 
reviewers Raine Kortet and Mikael Puurtinen are acknowledged for their constructive 
comments	that	helped	me	to	improve	the	quality	of	the	thesis	and	the	unpublished	articles	
included in it. William Sillitoe kindly checked the language of this thesis.

I further wish to thank Minna Lindroth, Katariina Kangassalo, Mari Pölkki, Johanna 
Dunn	and	Tapio	van	Ooik	for	good,	and	not	always	so	scientific,	conversations	and	for	
some good laughs. I thank Dragún Irish Dancers for giving my feet so much to do that 
there was no way I could be thinking about science all the time.

Finally, last but not least, I thank my family, the most important people in my life, for 
always being there for me!

Turku, December 2011
 

Terhi Valtonen



30 References 

REFERENCES

Adamo, S.A. 2004. How should behavioural 
ecologists interpret measurements of immunity? 
Anim. Behav. 68:1443-1449.

Ali, M., Nicieza, A. & Wootton, R.J. 2003. 
Compensatory	 growth	 in	 fishes:	 a	 response	 to	
growth depression. Fish Fish. 4:147-190.

Amitin,	 E.G.	 &	 Pitnick,	 S.	 2007.	 Influence	 of	
developmental environment on male- and 
female-mediated sperm precedence in 
Drosophila melanogaster. J. Evol. Biol. 20:381-
391.

Andersen, L.H., Kristensen, T.N., Loeschcke, 
V., Toft, S. & Mayntz, D. 2010. Protein and 
carbohydrate composition of larval food affects 
tolerance to thermal stress and desiccation 
in adult Drosophila melanogaster. J. Insect 
Physiol. 56:336-340.

Armbruster, P. & Reed, D.H. 2005. Inbreeding 
depression in benign and stressful environments. 
Heredity 95:235-242.

Ayroles, J.F., Hughes, K.A., Rowe, K.C., Reedy, 
M.M., Rodriguez-Zas, S.L., Drnevich, 
J.M., Cáceres, C.E. & Paige, K.N. 2009. 
A genomewide assessment of inbreeding 
depression: gene number, function, and mode of 
action. Conserv. Biol. 23:920-930.

Badyaev, A.V. & Uller, T. 2009. Parental effects in 
ecology and evolution: mechanisms, processes 
and implications. Phil. Trans. R. Soc. B. 
364:1169-1177.

Barrett, S.C.H. & Charlesworth, D. 1991. Effects 
of a change in the level of inbreeding on the 
genetic load. Nature 352:522-524.

Bascuñán-García, A.P., Lara, C. & Córdoba-Aguilar, 
A. 2010. Immune investment impairs growth, 
female reproduction and survival in the house 
cricket, Acheta domesticus. J. Insect Physiol. 
56:204-211.

Bijlsma, R., Bundgaard, J. & Van Putten, W.F. 
1999. Environmental dependence of inbreeding 
depression and purging in Drosophila 
melanogaster. J. Evol. Biol. 12:1125-1137.

Bijlsma, R., Bundgaard, J. & Boerema, A.C. 
2000. Does inbreeding affect the extinction 
risk of small populations?: predictions from 
Drosophila. J. Evol. Biol. 13:502-514.

Bijlsma, R. Westerhof, M.D.D., Roekx, L.P. & Pen, 
I. 2010. Dynamics of genetic rescue in inbred 
Drosophila melanogaster populations. Conserv. 
Genet. 11:449-462.

Bilde, T., Maklakov, A.A., Meisner, K., la Guardia, 
L. & Friberg, U. 2009. Sex-differences in the 
genetic architecture of lifespan in a seed beetle: 
extreme inbreeding extends male lifespan. BMC 
Evol. Biol. 9:33.

Bonduriansky, R. & Head, M. 2007. Maternal 
and paternal condition effects on offspring 
phenotype in Telostylinus angusticollis (Diptera: 
Neriidae). J. Evol. Biol. 20:2379-2388.

Bonduriansky, R. & Day, T. 2009. Nongenetic 
inheritance and its evolutionary implications. 
Annu. Rev. Ecol. Evol. Syst. 40:103-125.

Broderick, N.A., Welchman, D.P. & Lemaitre, B. 
2009. Recognition and response to microbial 
infection in Drosophila. In Insect infection and 
immunity: evolution, ecology and mechanisms. 
(ed. Rolff, J. & Reynolds, S.E), pp.13-33. 
Oxford University Press.

Bubli, O.A., Imasheva, A.G. & Loeschcke, V. 1998. 
Selection for knockdown resistance to heat in 
Drosophila melanogaster at high and low larval 
diet. Evolution 52:619-625.

Bubliy, O.A., Imasheva, A.G. & Loeschcke, V. 2000. 
Half-sib analysis of three morphological traits in 
Drosophila melanogaster under poor nutrition. 
Hereditas 133:59-63.

Burger, J.M.S., Hwangbo, D.S., Corby-Harris, V. & 
Promislow, D.E.L. 2007. The functional costs 
and	benefits	of	dietary	restriction	in	Drosophila. 
Aging Cell 6:63-71.

Buskirk, J.V. & Willi, Y. 2006. The change in 
quantitative	 genetic	 variation	 with	 inbreeding.	
Evolution 60:2428-2434.

Calleri	ІІ,	D.V.,	McGrail	Reid,	E.,	Rosengaus,	R.B.,	
Vargo, E.L. & Traniello, J.F.A. 2006. Inbreeding 
and disease resistance in a social insect: effects 
of heterozygosity on immunocompetence in the 
termite Zootermopsis angusticollis. Proc. R. 
Soc. Lond. B 273:2633-2640.

Chapman,	 T.	 2001.	 Seminal	 fluid-mediated	 fitness	
traits in Drosophila. Heredity 87:511-521.



 References 31

Charlesworth, D. & Charlesworth, B. 1987. 
Inbreeding depression and its evolutionary 
consequences.	 Ann.	 Rev.	 Ecol.	 Syst.	 18:237-
268.

Charlesworth, B. & Charlesworth, D. 1999. The 
genetic basis of inbreeding depression. Genet. 
Res. 74:329-340.

Charlesworth, D. & Willis, J.H. 2009. The genetics 
of inbreeding depression. Nature Rev. Genet. 
10:783-796.

Crill, W.D., Huey, R.B. & Gilchrist, G.W. 1996. 
Within- and between-generation effects of 
temperature on the morphology and physiology 
of Drosophila melanogaster. Evolution 
50:1205-1218.

Crnokrak, P. & Barrett, S.C.H. 2002. Perspective: 
purging the genetic load: a review of the 
experimental evidence. Evolution 56:2347-
2358.

Crnokrak, P. & Roff, D.A. 1999. Inbreeding 
depression in the wild. Heredity 83:260-270.

Curley, J.P., Mashoodh, R. & Champagne, F.A. 
2011. Epigenetics and the origins of paternal 
effects. Horm. Behav. 59:306-314.

Dahlgaard, J. & Hoffmann, A.A. 2000. Stress 
resistance and environmental dependency 
of inbreeding depression in Drosophila 
melanogaster. Conserv. Biol. 14:1187-1192.

Das, S., Dong, Y., Garver, L. & Dimopoulos, G. 
2009.	Specificity	of	the	innate	immune	system:	
a	closer	look	at	the	mosquito	pattern-recognition	
receptor repertoire. In Insect infection and 
immunity: evolution, ecology and mechanisms. 
(ed. Rolff, J. & Reynolds, S.E), pp.69-85. 
Oxford University Press.

Demontis, D., Pertoldi, C., Loeschcke, V., 
Mikkelsen, K., Axelsson, T. & Kristensen, T.N. 
2009.	 Efficiency	 of	 selection,	 as	measured	 by	
single nucleotide polymorphism variation, is 
dependent on inbreeding rate in Drosophila 
melanogaster. Mol. Ecol. 18:4551-4563. 

DeRose, M.A. & Roff, D.A. 1999. A comparison 
of inbreeding depression in life-history and 
morphological traits in animals. Evolution 
53:1288-1292.

Donelson, J.M., Munday, P.L. & McCormick, M.I. 
2009. Parental effects on offspring life histories: 
when are they important? Biol. Lett. 5:262-265.

Dudash, M.R. & Carr, D.E. 1998. Genetics 
underlying inbreeding depression in Mimulus 
with contrasting mating systems. Nature 
393:682-684.

Dussourd, D.E., Ubik, K., Harvis, C., Resch, J., 
Meinwald, J. & Eisner, T. 1988. Biparental 
defensive	 endowment	 of	 eggs	 with	 acquired	
plant alkaloid in the moth Utetheisa ornatrix. 
Proc. Natl. Acad. Sci. USA 85:5992-5996.

Fellous,	S.	&	Lazzaro,	B.P.	2010.	Larval	food	quality	
affects adult (but not larval) immune gene 
expression independent of effects on general 
condition. Mol. Ecol. 19:1462-1468.

Fellowes, M.D.E., Kraaijeveld, A.R. & Godfray, 
H.C.J. 1998. Trade-off associated with selection 
for increased ability to resist parasitoid attack in 
Drosophila melanogaster. Proc. R. Soc. Lond. 
B 265:1553-1558.

Findlay, G.D., Yi, X., MacCoss, M.J. & Swanson, 
W.J. 2008. Proteomics reveals novel Drosophila 
seminal	 fluid	 proteins	 transferred	 at	 mating.	
PLoS Biol. 6:e178.

Flyg, C., Kenne, K. & Boman, H.G. 1980. Insect 
pathogenic properties of Serratia marcescens: 
phage-resistant mutants with a decreased 
resistance to Cecropia immunity and a decreased 
virulence to Drosophila. J. Gen. Microbiol. 
120:173-181.

Frankham, R., Gilligan, D.M., Morris, D. & Briscoe, 
D.A. 2001. Inbreeding and extinction: effects of 
purging. Conserv. Genet. 2:279-285.

Frankham, R. 2005. Genetics and extinction. Biol. 
Cons. 126:131-140.

Frankham, R., Ballou, J.D. & Briscoe, D.A. 
2010. Introduction to conservation genetics. 
Cambridge University Press, Cambridge.

Friberg, U., Stewart, A.D. & Rice, W.R. 2011. X- 
and Y-chromosome linked paternal effects on 
a	 life-history	 trait.	 Biol.	 Lett.	 doi:	 10.1098/
rsbl.2011.0608.

Frost, P.C., Ebert, D., Larson, J.H., Marcus, 
M.A., Wagner, N.D. & Zalewski, A. 2010. 
Transgenerational effects of poor elemental 
food	 quality	 on	 Daphnia magna. Oecologia 
162:865-872.

García-González, F. & Simmons, L.W. 2005. The 
evolution of polyandry: intrinsic sire effects 
contribute to embryo viability. J. Evol. Biol. 
18:1097-1103.



32 References 

García-González, F. & Simmons, L.W. 2007. 
Paternal indirect genetic effects on offspring 
viability	 and	 the	 benefits	 of	 polyandry.	 Curr.	
Biol. 17:32-36.

Gerloff, C.D., Ottmer, B.K. & Schmid-Hempel, P. 
2003. Effects of inbreeding on immune response 
and body size in a social insect, Bombus 
terrestris. Funct. Ecol. 17:582-589.

Gershman, S.N., Barnett, C.A., Pettinger, A.M., 
Weddle, C.B., Hunt, J. & Sakaluk, S.K. 2010. 
Inbred decorated crickets exhibit higher 
measures of macroparasitic immunity than 
outbred individuals. Heredity 105:282-289.

Giesel, J.T. 1988. Effects of parental photoperiod 
on development time and density sensitivity of 
progeny of Drosophila melanogaster. Evolution 
42:1348-1350.

Gillespie, J.P., Kanost, M.R. & Trenczek, T. 1997. 
Biological mediators of insect immunity. Annu. 
Rev. Entomol. 42:611-643.

Gillott, C. 2003. Male accessory gland secretion: 
modulators of female reproductive physiology 
and behavior. Annu. Rev. Entomol. 48:163-184.

Gluckman, P.D. & Hanson, M.A. 2004. Living with 
the past: evolution, development, and patterns of 
disease. Science 305:1733-1736.

Gluckman, P.D., Hanson, M.A. & Spencer, H.G. 
2005. Predictive adaptive responses and human 
evolution. Trends. Ecol. Evol. 20:527-533.

Grech, K., Maung, L.A. & Read, A.F. 2007. The 
effect of parental rearing conditions on offspring 
life history in Anopheles stephensi. Malaria J. 
6:130.

Grindstaff, J.L., Brodie, E.D.I. & Ketterson, E.D. 
2003. Immune function across generations: 
integrating mechanism and evolutionary process 
in maternal antibody transmission. Proc. R. Soc. 
Lond. B 270:2309-231. 

Gupta, A.P. 2001. Immunology of Invertebrates: 
Cellular. In Encyclopedia of life sciences. 
Nature publishing Group, London, UK. (www.
els.net)

Gupta, A.P. 2002. Immunology of Invertebrates: 
Humoral. In Encyclopedia of life sciences. 
Nature publishing Group, London, UK. (www.
els.net)

Guzman-Novoa, E., Hunt, G.J., Page, R.E. Jr., 
Uribe-Rubio, J.L., Prieto-Merlos, D. & Becerra-

Guzman, F. 2005. Paternal effects on the 
defensive behaviour of honeybees. J. Hered. 
96:1-5.

Haine, E.R., Moret, Y., Siva-Jothy, M.T. & Rolff, 
J. 2008. Antibacterial defense and persistent 
infection in insects. Science 322:1257-1259.

Harbison, S.T., Yamamoto, A.H., Fanara, J.J., Norga, 
K.K. & Mackay, T.F.C. 2004. Quantitative trait 
loci affecting starvation resistance in Drosophila 
melanogaster. Genetics 166:1807-1823.

Hedengren, M., Åsling, B., Dushay, M.S., Ando, 
I., Ekengren, S., Wihlborg, M. & Hultmark, 
D. 1999. Relish, a central factor in the control 
of humoral but not cellular immunity in 
Drosophila. Mol. Cell 4:827-837.

Hedrick, P.W. & Kalinowski, S.T. 2000. Inbreeding 
depression in conservation biology. Annu. Rev. 
Ecol. Syst. 31:139-162.

Hoang, A. 2001. Immune response to parasitism 
reduces resistance of Drosophila melanogaster 
to desiccation and starvation. Evolution 
55:2353-2358.

Hoffmann, A.A. & Parsons, P.A. 1991. Evolutionary 
genetics and environmental stress. Oxford 
University Press, New York.

Hoffmann, A.A. & Merilä, J. 1999. Heritable 
variation and evolution under favourable and 
unfavourable conditions. Trends Ecol. Evol. 
14:96-101.

Hoffmann, A.A., Hallas, R., Sinclair, C. & Mitrovski, 
P. 2001. Levels of variation in stress resistance 
in Drosophila among strains, local populations, 
and geographic regions: patterns for desiccation, 
starvation, cold resistance, and associated traits. 
Evolution 55:1621-1630.

Huey,	R.B.,	Wakefield,	T.,	Crill,	W.D.	&	Gilchrist,	
G.W. 1995. Within- and between-generation 
effects of temperature on early fecundity of 
Drosophila melanogaster. Heredity 74:216-223.

Hughes, R.A., Inouye, B.D., Johanson, M.T.J., 
Underwood, N. & Vellend, M. 2008. Ecological 
consequences	 of	 genetic	 diversity.	 Ecol.	 Lett.	
11:609-623.

Hunt, J. & Simmons, L.W. 2000. Maternal and 
paternal effects on offspring phenotype in the 
dung beetle Onthophagus Taurus. Evolution 
54:936-941.



 References 33

Ivy, T.M. 2007. Good genes, genetic compatibility 
and the evolution of polyandry: use of the diallel 
cross to address competing hypotheses. J. Evol. 
Biol. 20:479-487.

Kärkkäinen, K., Kuittinen, H., van Treuren, R., 
Vogl, C., Oikarinen, S. & Savolainen, O. 1999. 
Genetic basis of inbreeding depression in Arabis 
petraea. Evolution 53:1354-1365.

Keller, L.F. & Waller, D.M. 2002. Inbreeding effects 
in wild populations. Trends Ecol. Evol. 17:230-
241.

Kersten, S. 2010. Regulation of nutrient metabolism 
and	 inflammation.	 Results	 Probl.	 Cell	 Differ.	
52:13-25.

Kraaijeveld, A.R. & Godfray, H.C.J. 1997. Trade-
off between parasitoid resistance and larval 
competitive ability in Drosophila melanogaster. 
Nature 389:278-280.

Kristensen, T.N., Dahlgaard, J. & Loeschcke, V. 
2002. Inbreeding affects Hsp70 expression 
in two species of Drosophila even at benign 
temperatures. Evol. Ecol. Res. 4:1209-1216. 

Kristensen, T.N., Dahlgaard, J. & Loeschcke, V. 
2003. Effects of inbreeding and environmental 
stress	on	fitness	–	using	Drosophila buzzatii as 
a model organism. Conserv. Genet. 4:453-465. 

Kristensen, T.N. & Sørensen, A.C. 2005. Inbreeding 
– lessons from animal breeding, evolutionary 
biology and conservation genetics. Anim. Sci. 
80:121-133.

Kristensen, T.N., Sørensen, P., Kruhøffer, M., 
Pedersen, K.S. & Loeschcke, V. 2005. Genome-
wide analysis on inbreeding effects on gene 
expression in Drosophila melanogaster. 
Genetics 171:157-167.

Kristensen, T.N., Pedersen, K.S., Vermeulen, C.J. & 
Loeschcke, V. 2010. Research on inbreeding in 
the ‘omic’ era. Trends Ecol. Evol. 25:44-52.

Kurtz, J. & Armitage, S.A.O. 2006. Alternative 
adaptive immunity in invertebrates. Trends 
Immunol. 27:493-496

Lazzaro, B.P., Sceurman, B.K. & Clark, A.G. 
2004. Genetic basis of natural variation in D. 
melanogaster antibacterial immunity. Science 
303:1873-1876.

Lazzaro, B.P., Sackton, T.B. & Clark, A.G. 2006. 
Genetic variation in Drosophila melanogaster 

resistance to infection: a comparison across 
bacteria. Genetics 174:1539-1554.

Leberg, P.L. & Firmin, B.D. 2008. Role of inbreeding 
depression and purging in captive breeding and 
restoration programmes. Mol. Ecol. 17:334-343.

Leclerc, V. & Reichhart, J.M. 2004. The immune 
response of Drosophila melanogaster. Immunol. 
Rev. 198:59-71.

Lemaitre, B., Kromer-Metzger, E., Michaut, L., 
Nicolas, E., Meister, M., Georgel, P., Reichhart, 
J.M. & Hoffmann, J.A. 1995. A recessive 
mutation,	immune	deficiency	(imd),	defines	two	
distinct control pathways in the Drosophila host 
defense. Proc. Natl. Acad. Sci. USA 92:9465-
9469.

Li, Z.K., Luo, L.J., Mei, H.W., Wang, D.L., Shu, 
Q.Y., Tabien, R., Zhong, D.B., Ying, C.S., 
Stansel, J.W., Khush, G.S. & Paterson, A.H. 
2001. Overdominant epistatic loci are the 
primary genetic basis of inbreeding depression 
and heterosis in rice. I. Biomass and grain yield. 
Genetics 158:1737-1753.

Liao, W. & Reed, D.H. 2009. Inbreeding-
environment interactions increase extinction 
risk. Anim. Conserv. 12:54-61.

Libert, S., Yufang, C., Xiaowen, C. & Pletcher, S. 
D. 2006. Trade-offs between longevity and 
pathogen resistance in Drosophila melanogaster 
are	 mediated	 by	 NFκB	 signaling.	Aging	 Cell	
5:533-543.

Lindström,	J.	1999.	Early	development	and	fitness	in	
birds and mammals. Trends Ecol. Evol. 14:343-
348.

Little, T.J., O’Connor, B., Colegrave, N., Watt, K. 
& Read, A.F. 2003 Maternal transfer of strain-
specific	immunity	in	an	invertebrate.	Curr.	Biol.	
13:489-492. 

Little, T.J., Hultmark, D. & Read, A.F. 2005. 
Invertebrate immunity and the limits of 
mechanistic immunology. Nat. Immunol. 6:651-
654.

Lochmiller, R. L. & Deerenberg, C. 2000. Trade-offs 
in evolutionary immunology: just what is the 
cost of immunity? Oikos 88:87-98.

Lummaa, V. & Clutton-Brock, T. 2002. Early 
development, survival and reproduction in 
humans. Treds Ecol. Evol. 17:141-147.



34 References 

Lynch, M. & Walsh, B. 1998. Genetics and analysis 
of	 quantitative	 traits.	 Sinauer,	 Sunderland,	
Massachusetts.

Magiafoglou, A. & Hoffmann, A.A. 2003. Cross-
generation effects due to cold exposure in 
Drosophila serrata. Funct. Ecol. 17:664-672.

Markow, T.A. & Ankney, P.F. 1984. Drosophila 
males contribute to oogenesis in a multible 
mating species. Science 224:302-303.

McGraw, L.A., Fiumera, A.C., Ramakrishnan, 
M., Madhavarapu, S., Clark, A.G. & Wolfner, 
M.F. 2007. Larval rearing environment affects 
several postcopulatory traits in Drosophila 
melanogaster. Biol. Lett. 3:607-610.

McKean, K.A., Yourth, C.P., Lazzaro, B.P. & 
Clark, A.G. 2008. The evolutionary costs of 
immunological maintenance and deployment. 
BMC Evol. Biol. 8:76.

McKean, K.A. & Nunney, L. 2008. Sexual 
selection and immune function in Drosophila 
melanogaster. Evolution 62:386-400.

Meigen, J.W. 1830. Systematische Beschreibung 
der	 bekannten	 europäischen	 zweiflügeligen	
Insekten, Vol. 6. Schulzische Buchhandlung, 
Hamm.

Metcalfe, N.B. & Monaghan, P. 2001. Compensation 
for a bad start: grow now, pay later? Trends 
Ecol. Evol. 16:254-260.

Mikkelsen, K., Loeschcke, V. & Kristensen, T.N. 
2010.	 Trait	 specific	 consequences	 of	 fast	
and slow inbreeding: lessons from captive 
populations of Drosophila melanogaster. 
Conserv. Genet. 11:479-488.

Miller, G.A., Pell, J.K. & Simpson, S.J. 2009. 
Crowded locusts produce hatchlings vulnerable 
to fungal attack. Biol. Lett. 5:845-848.

Mitchell, S.E. & Read, A.F. 2005. Poor maternal 
environment enhances offspring disease 
resistance in an invertebrate. Proc. R. Soc. Lond. 
B 272:2601-2607.

Monaghan, P. 2008. Early growth conditions, 
phenotypic development and environmental 
change. Phil. Trans. R. Soc. B. 363:1635-1645.

Moret, Y. & Schmid-Hempel, P. 2000. Survival 
for immunity: the price of immune system 
activation for bumblebee workers. Science 
290:1166-1168.

Moret, Y. 2006. ‘Trans-generational immune 
priming’:	 specific	 enhancement	 of	 the	
antimicrobial immune response in the mealworm 
beetle, Tenebrio molitor. Proc. R. Soc. Lond. B 
273:1399-1405.

Mousseau, T.A. & Dingle, H. 1991. Maternal effects 
in insect life histories. Annu. Rev. Entomol. 
36:511-534.

Mousseau, T.A. & Fox, C.W. 1998. The adaptive 
significance	 of	 maternal	 effects.	 Trends	 Ecol.	
Evol. 13:403-407.

O’Grady, J.J., Brook, B.W., Reed, D.H., Ballou, J.D., 
Tonkey, D.W. & Frankham, R. 2006. Realistic 
levels of inbreeding depression strongly affects 
extinction risk in wild populations. Biol. Conser. 
133:42-51.

Paige, K.N. 2010. The functional genomics of 
inbreeding depression: a new approach to an old 
problem. BioScience 60:267-277.

Park, J.M., Brady, H., Ruocco, M.G., Sun, H., 
Williams, D.A., Lee, S.J., Kato T. Jr., Richards, 
N., Chan, K., Mercurio, F., Karin, M. & 
Wasserman, S.A. 2004. Targeting of TAK1 by 
the	 NF-κB	 protein	 Relish	 regulates	 the	 JNK-
mediated immune response in Drosophila. 
Genes Dev. 18:584-594.

Pedersen, K.S., Kristensen, T.N. & Loeschcke, 
V. 2005. Effects of inbreeding and rate on 
inbreeding in Drosophila melanogaster – Hsp70 
expression	 and	 fitness.	 J.	 Evol.	 Biol.	 18:756-
762.

Pischedda, A., Stewart, A.D., Little, M.K. & 
Rice,	 W.R.	 2011.	 Male	 genotype	 influences	
female reproductive investment in Drosophila 
melanogaster. Proc. R. Soc. Lond. B 278:2165-
2172.

Prasad, N.G., Shakarad, M., Rajamani, M. & Joshi, 
A. 2003. Interaction between the effects of 
maternal and levels of nutrition on pre-adult 
survival in Drosophila melanogaster. Evol. 
Ecol. Res. 5:903-911.

Pusey, A. & Wolf, M. 1996. Inbreeding avoidance in 
animals. Trends Ecol. Evol. 11:201-206.

Råberg,	L.,	Vestberg,	M.,	Hasselquist,	D.,	Holmdahl,	
R., Svensson, E. & Nilsson, J.Å. 2002. Basal 
metabolic rate and the evolution of the adaptive 
immune system. Proc. R. Soc. Lond. B 269:817-
821.



 References 35

Radwan, J. 2003. Inbreeding depression in fecundity 
and inbred line extinction in the bulb mite, 
Rhizoglyphus robini. Heredity 90:371-376.

Rantala, M.J. & Roff, D.A. 2006. Analysis of the 
importance of genotypic variation, metabolic 
rate, morphology, sex and development time on 
immune function in the cricket, Gryllus firmus. 
J. Evol. Biol. 19:834-843.

Raubenheimer, D. & Simpson, S.J. 1999. Integrating 
nutrition: a geometrical approach. Entomol. 
Exp. Appl. 91:67-82.

Reed, D.H. & Frankham, R. 2003. Correlation 
between	fitness	and	genetic	diversity.	Conserv.	
Biol. 17:230-237.

Reed, D.H., Lowe, E.H., Briscoe, D.A. & 
Frankham, R. 2003. Fitness and adaptation in 
a novel environment: effect of inbreeding, prior 
environment, and lineage. Evolution 57:1822-
1828.

Reed, D.H., Nicholas, A.C. & Stratton, G.E. 
2007.	 Genetic	 quality	 of	 individuals	 impacts	
population dynamics. Anim. Conserv. 10:275-
283.

Ridley, M. 1978. Paternal care. Anim. Behav. 
26:904-932.

Rion, S. & Kawecki, T.J. 2007. Evolutionary biology 
of starvation resistance: what we have learned 
from Drosophila. J. Evol. Biol. 20:1655-1664.

Roff,	D.A.	1997.	Evolutionary	quantitative	genetics.	
Chapman and Hall, New York.

Roff, D.A. 1998. Effects of inbreeding on 
morphological and life history traits of the sand 
cricket, Gryllus firmus. Heredity 81:28-37.

Roff, D.A. 2002a. Inbreeding depression: tests 
of the overdominance and partial dominance 
hypotheses. Evolution 56:768-775.

Roff, D.A. 2002b. Life history evolution. Sinauer 
Associates, Sunderland, Massachusetts.

Roff, D.A. & Emerson, K. 2006. Epistasis and 
dominance: evidence for differential effects 
in life-history versus morphological traits. 
Evolution 60:1981-1990.

Rolff, J. & Kraaijeveld, A.R. 2003. Selection for 
parasitoid resistance alters mating success 
in Drosophila. Proc. R. Soc. Lond. B 
270:S154-S155.

Rossiter,	 M.C.	 1996.	 Incidence	 and	 consequences	
of inherited environmental effects. Annu. Rev. 
Ecol. Syst. 27:451-476.

Roth, O., Joop, G., Eggert, H., Hilbert, J., Daniel, J., 
Schmid-Hempel, P. & Kurtz, J. 2010. Paternally 
derived immune priming for offspring in the 
red	flour	beetle,	Tribolium castaneum. J. Anim. 
Ecol. 79:403-413.

Royet, J., Reichhart, J.M. & Hoffmann, J.A. 2005. 
Sensing and signaling during infection in 
Drosophila. Curr. Opin. Immunol. 17:11-17.

Saastamoinen, M., van der Sterren, D., Vastenhout, 
N.,	 Zwaan,	 B.J.	 &	 Brakefield,	 P.M.	 2010.	
Predictive adaptive responses: condition-
dependent	 impact	 of	 adult	 nutrition	 and	 flight	
in	the	tropical	butterfly	Bicyclus anynana. Am. 
Nat. 176:686-698.

Sadd, B.M., Kleinlogel, Y., Schmid-Hempel, R. & 
Schmid-Hempel, P. 2005. Trans-generational 
immune priming in a social insect. Biol. Lett. 
1:386-388.

Sadd, B.M. & Siva-Jothy, M.T. 2006. Self-harm 
caused by an insect’s innate immunity. Proc. R. 
Soc. Lond. B. 273:2571-2574.

Sadd, B.M. & Schmid-Hempel, P. 2007. Facultative 
but persistent trans-generational immunity via 
the mother’s eggs in bumblebees. Curr. Biol. 
17:R1046-R1047.

Sadd, B.M. & Schmid-Hempel, P. 2009a. Principles 
of ecological immunology. Evol. Appl. 2:113-
121.

Sadd, B.M. & Schmid-Hempel, P. 2009b. Ecological 
and	 evolutionary	 implications	 of	 specific	
immune responses. In Insect infection and 
immunity: evolution, ecology and mechanisms. 
(ed. Rolff, J. & Reynolds, S.E), pp. 225-240. 
Oxford University Press.

Schmid-Hempel, P. 2003. Variation in immune 
defence	as	a	question	of	evolutionary	ecology.	
Proc. R. Soc. Lond. B 270:357-366.

Schulenburg, H., Kurtz, J., Moret, Y. & Siva-
Jothy, M.T. 2009. Introduction. Ecological 
immunology. Phil. Trans. R. Soc. B 364:3-14.

Sheldon, B.C. & Verhulst, S. 1996. Ecological 
immunology: costly parasite defences and trade-
offs in evolutionary ecology. Trends Ecol. Evol. 
11:317-321.



36 References 

Siva-Jothy, M.T., Moret, Y. & Rolff, J. 2005. Insect 
immunity: an evolutionary ecology perspective. 
Adv. Insect Physiol. 32:1-48.

Smedley, S.R. & Eisner, T. 1996. Sodium: a male 
moth’s gift to its offspring. Proc. Natl. Acad. Sci. 
USA 93:809-813.

Smith, E.M., Hoi, J.T., Eissenberg, J.C., Shoemaker, 
J.D., Neckameyer, W.S., Ilvarsonn, A.M., 
Harshman, L.G., Schlegel, V.L. & Zempleni, 
J. 2007. Feeding Drosophila	 a	 biotin-deficient	
diet for multiple generations increases stress 
resistance and lifespan and alters gene 
expression and histone biotinylation patterns. J. 
Nutr. 137:2006-2012.

Sørensen, J.G., Kristensen, T.N. & Loeschcke, V. 
2003. The evolutionary and ecological role of 
heat shock proteins. Ecol. Lett. 6:1025-1037.

Stevens,	L.,	Yan,	G.	&	Pray,	L.A.	1997.	Consequences	
of inbreeding on invertebrate host susceptibility 
to parasitic infection. Evolution 51:2032-2039.

Sverdlov, E.S. & Wool, D. 1975. Some aspects of 
survival of starved adult Tribolium castaneum 
(Herbst). J. Stored. Prod. Res. 11:149-154.

Swindell, W.R. & Bouzat, J.L. 2006a. Ancestral 
inbreeding reduces the magnitude of inbreeding 
depression in Drosophila melanogaster. 
Evolution 60:762-767.

Swindell, W.R. & Bouzat, J.L. 2006b. Reduced 
inbreeding depression due to historical 
inbreeding in Drosophila melanogaster: 
evidence for purging. J. Evol. Biol. 19:1257-
1264.

Swindell, W.R. & Bouzat, J.L. 2006c. Selection and 
inbreeding depression: effects of inbreeding 
rate and inbreeding environment. Evolution 
60:1014-1022.  

Szulkin, M. & Sheldon, B.C. 2007. The environmental 
dependence of inbreeding depression in a wild 
bird population. PLoS One 2: e1027.

Taborsky,	 B.	 2006.	 The	 influence	 of	 juvenile	 and	
adult environments on life-history trajectories. 
Proc. R. Soc. Lond. B 273:741-750.

Tallamy, D.W. 1984. Insect parental care. BioScience 
34:20-24.

van der Most, P.J., de Jong, B., Parmentier, H.K. & 
Verhulst, S. 2011. Trade-off between growth and 
immune function: a meta-analysis of selection 
experiments. Func. Ecol. 25:74-80.

Vandewoestijne, S., Schtickzelle, N. & Baguette, 
M. 2008. Positive correlation between genetic 
diversity	and	fitness	 in	a	 large,	well-connected	
metapopulation. BMC Biol. 6:46.

Vermeulen, C.J. & Bijlsma, R. 2004. Changes in 
mortality patterns and temperature dependence 
of lifespan in Drosophila melanogaster caused 
by inbreeding. Heredity 92:275-281.

Vermeulen, C.J., Bijlsma R. & Loeschcke, V. 2008. 
A major QTL affects temperature sensitive adult 
lethality and inbreeding depression in life span 
in Drosophila melanogaster. BMC Evol. Biol. 
8:297.

Vijendravarma, R.K., Narasimha, S. & Kawecki, T.J. 
2010. Effects of parental larval diet on egg size 
and offspring traits in Drosophila. Biol. Lett. 
6:238-241.

Waterland, R.A. & Jirtle, R.L. 2004. Early nutrition, 
epigenetic changes at transposons and imprinted 
genes, and enhanced susceptibility to adult 
chronic diseases. Nutrition 20:63-68.

Watson, M.J.O. & Hoffmann, A.A. 1995. Cross-
generation effects for cold resistance in tropical 
populations of Drosophila melanogaster and D. 
simulans. Aust. J. Zool. 43:51-58.

Wenzel, U. 2006. Nutrition, sirtuins and aging. 
Genes Nutr. 1:85-93.

West-Eberhard, M.J. 2003. Developmental plasticity 
and evolution. Oxford University Press, Oxford, 
UK.

Whitlock, M.C. 2002. Selection, load and inbreeding 
depression in a large metapopulation. Genetics 
160:1191-1202.

Willi, Y., Van Bushkirk, J. & Hoffmann, A.A. 
2006. Limits to the adaptive potential of small 
populations. Annu. Rev. Ecol. Evol. Syst. 
37:433-458.

Willis, J.H. 1999. The role of genes of large effect 
on inbreeding depression in Mimulus guttatus. 
Evolution 53:1678-1691.

Wolf, J.B. & Wade, M.J. 2009. What are maternal 
effects (and what are they not)? Phil. Trans. R. 
Soc. B 364:1107-1115.

Wright, L.I., Tregenza, T. & Hosken, D.J. 2008. 
Inbreeding, inbreeding depression and 
extinction. Conserv. Genet. 9:833-843.



 References 37

Ye, Y.X.H., Chenoweth, S.F. & McGraw, E.A. 
2009. Effective but costly, evolved mechanisms 
of defense against a virulent opportunistic 
pathogen in Drosophila melanogaster. PloS 
Pathog. 5:e1000385.

Youngson, N.A. & Whitelaw, E. 2008. 
Transgenerational epigenetic effects. Annu. 
Rev. Genomics Hum. Genet. 9:233-257.

Zeh, D.W. & Smith, R.L. 1985. Paternal investment 
by terrestrial arthropods. Amer. Zool. 25:758-
805.


	LIST OF ORIGINAL ARTICLES
	1.	INTRODUCTION
	1.1.	Inbreeding effects in naturally outbreeding species
	1.1.1.	Trait and environment specific consequences of inbreeding

	1.2.	Early-life nutrition and adult performance
	1.2.1.	Transgenerational effects of parental nutrition

	1.3.	Cost of immunity
	1.4.	Immune function in Drosophila

	2.	AIMS OF THE THESIS
	3.	MATERIALS AND METHODS
	3.1.	Study species
	3.1.1.	D. melanogaster stocks and husbandry
	3.1.2.	Inbred and outbred flies
	3.1.3.	Immunodeficient Relish mutant flies

	3.2.	Experimental procedures
	3.2.1.	Lifespan and starvation resistance
	3.2.2.	Development time and adult body size 
	3.2.3.	Mate choice assay
	3.2.4.	Pathogen resistance
	3.2.5.	Inbreeding depression and heritability


	4.	RESULTS AND DISCUSSION
	4.1.	Condition-dependent effects of immunological maintenance
	4.2.	Trait specific effects of inbreeding
	4.3.	The magnitude of inbreeding depression is not widely affected by early nutrition
	4.4.	Maternal and paternal environments interact in their effect on offspring performance

	5.	CONCLUDING REMARKS
	ACKNOWLEDGEMENTS
	REFERENCES


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.929 x 9.843 inches / 176.0 x 250.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20110914120745
       708.6614
       B 5 oikea
       Blank
       498.8976
          

     Tall
     1
     0
     No
     475
     324
    
     None
     Right
     2.8346
     0.0000
            
                
         Both
         3
         AllDoc
         14
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9b
     Quite Imposing Plus 2
     1
      

        
     36
     37
     36
     37
      

   1
  

 HistoryList_V1
 qi2base





