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1 INTRODUCTION 
 

 

Phenotypic plasticity and genetic adaptation as two mechanisms to respond 

to changing conditions 

 

Environmental changes are inevitable and organisms have to deal with changing conditions 

for longer persistence. The long term persistence of natural populations depends on their 

ability to adapt to changing conditions which in turn depends on genetic diversity (Bouzat 

2010). Phenotypic plasticity, behavioral change and genetic adaptations are different ways to 

deal with non-constant environmental conditions (Pigliucci 2001; Fischer and Karl 2010). 

Behavioral change means that organisms escape towards more favorable conditions or change 

their behavior to get less affected. But for sessile or less dispersive organism it is quite 

difficult to disperse to other places. For these organisms phenotypic plasticity becomes more 

important. Phenotypic plasticity is the ability of a single genotype to produce many 

phenotypes in different environments (Whitman and Agrawal 2009). Due to the capability to 

react plastically, organisms can respond rapidly to changing conditions and this allows for 

maximal flexibility. Nevertheless it does not seem that phenotypic plasticity is favored by 

selection generally, which suggests that costs and limits are involved with plastic responses 

(DeWitt et al. 1998; Relyea 2002; Pigliucci 2005).  

 

Plastic responses may be induced during development (developmental plasticity) or in the 

adult (adult acclimation) stage (Fischer et al. 2003; Chidawanyika and Terblanche 2011). A 

short exposure to stressful temperatures can have also a beneficial effect. This phenomenon is 

called rapid hardening (Lee et al. 1987) and has been shown in many studies (Lee et al. 1987; 

Marais et al. 2009; Basson et al. 2012). In contrast to above, genetic adaptation needs more 

time to evolve. It has been assumed that genetic adaptation provokes less costs and is 

therefore favored in stable environments (DeWitt et al. 1998; Relyea 2002; Aubret and Shine 

2010), but there are also contradicting studies (Meyer and Di Giuliuo 2003; Bourguet et al. 

2004). Negative genetic correlations, caused by antagonistic pleiotropy, are limits for genetic 

adaptation. Thereby it is possible that a positive genetic change in one trait causes a 

detrimental change in another (Stearns 1989; Roff 2002). Adaptations occur due to the 

changes in allele frequency to be better adapted on environmental conditions. For example 
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tropical species show higher heat but lower cold stress tolerance than temperate-zone species 

(e.g. David et al. 1998, 2003; Hoffmann et al. 2003; Castañeda et al. 2005) or high-altitude 

populations have a higher cold stress resistance than low-altitude populations (Karl et al. 

2008). This geographic variation in fitness-related traits provides strong evidence that these 

patterns have been shaped by natural selection (Bubliy and Loeschcke 2005; Karl et al. 2008). 

Several species are also known to respond readily to artificial selection on thermal tolerance 

traits, providing direct experimental proof for genetic adaptation in temperature stress 

resistance (e.g. Bertoli et al. 2010; Dierks et al. 2012b).  

 

Both genetic variation and phenotypic plasticity can interact with one another. This 

phenomenon is called genotype x environment interaction (G x E) and can reveal genotype 

differences in response to environmental variations and demonstrate that some genotypes are 

more plastic than others (Karl et al. 2008). Such G x E interactions have been already shown 

in B. anynana for growth rate, development time and pupal weight (Brakefield and Kesbeke 

1997). Besides environmental change organisms are also affected by the general habitat 

structure which may change and cause inbreeding (i.e. mating between relatives). A possible 

consequence for individuals or populations could be inbreeding depression and therefore 

negative effects on fitness-related traits or a changed response to environmental stress. 

 

 

Loss of genetic variation and its fitness implications 

 

The subject inbreeding has gained much attention over last decades (e.g. Frankham 1995; 

Armbruster et al. 2000, 2005). It does not change the allele frequency within a population; it 

rather changes the frequency of genotypes (Keller and Waller 2002) by increasing the 

homozygotes and decreasing the heterozygotes (Charlesworth and Willis 2009). A 

consequence could be a negative impact on fitness- or morphology-related traits (inbreeding 

depression, ID) and a decrease on population viability (Frankham 2005; Wright et al. 2008). 

There are two models which explain the negative consequences of inbreeding due to 

increasing homozygosity. First the partial dominance hypothesis states that ID is the result of 

an increase in the frequency of homozygous deleterious recessive or partially recessive 

alleles. The second hypothesis is the overdominance hypothesis which assumes a generally 

higher fitness for heterozygous individuals (Roff 2007). Therefore ID is the result of an 
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increasing homozygosity accompanied by a decrease in fitness or a general change in gene 

interactions like epistatic effects (Charlesworth and Charlesworth 1999; Pedersen et al. 2008; 

Vermeulen et al. 2008; Charlesworth and Willis 2009; Bouzat 2010).  

 

Negative inbreeding effects on fitness-related traits like lifespan, body mass, fecundity, 

fertility, sperm count and immune system have been shown in several studies (Frankham 

1995; Saccheri et al. 1998; Fox et al. 2007; Dierks et al. 2012b; Franke and Fischer 2013), 

while interactions with environmental conditions were largely neglected. The extent of 

inbreeding depression depends on environmental conditions (e.g. Bijlsma et al. 1999; 

Dahlgaard and Hoffmann 2000; Waller et al. 2008) like temperature. Some studies have 

shown that, under stressful conditions, ID could be more severe than under benign conditions 

(Armbruster and Reed 2005; Fox and Reed 2011), but there are also studies which found the 

opposite or no effect (Franke and Fischer 2013). It is also possible that inbreeding affects 

species and traits differently (Bechsgaard et al. 2013), for example tropical species seem more 

susceptible to inbreeding than widespread species (Bechsgaard et al. 2013).  

 

The importance of inbreeding and the loss of genetic diversity in wild population are of 

controversial opinion. In the literature there are two reasons why inbreeding has no impact in 

the wild populations described: first, wild population avoid mating with relatives and 

therefore a manifestation of deleterious genes is almost impossible (inbreeding avoidance; 

Pusey and Wolf 1996; Keller and Waller 2002) and second, if inbreeding takes place, the wild 

populations have mechanisms to deal with deleterious effects so that they cannot manifest 

(Lande and Schemske 1985; Keller and Waller 2002). But studies found out that wild 

populations could not always avoid inbreeding (Keller and Waller 2002) and if inbreeding 

takes place the wild populations may suffer from inbreeding depression (Jiménez et al. 1994; 

Crnokrak and Roff 1999), because of their high susceptibility to environmentally caused 

mortality (Keller and Waller 2002). Due to the negative effects of inbreeding on fitness it is 

expected that natural selection against inbred individuals (purging) takes place, but this effect 

is difficult to predict (Keller and Waller 2002). It is possible that trait heritability increases 

instead of decreasing in inbred populations compared to outbred populations (Wade et al. 

1996).  

In summary inbreeding is one factor which may reduce genetic diversity as well as adaptive 

potential. Inbreeding could occur more frequently in the future because due to human impact, 
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populations may become separated and split into small groups and a possible consequence 

could be inbreeding (Hoffmann and Hercus 2000; Frankham et al. 2002; Mikkelsen et al. 

2010). Especially in small and isolated populations inbreeding is unavoidable (Frankham et 

al. 2002) and this may increase extinction risk (Saccheri et al. 1998).  

According to Fisher´s fundamental theorem (Fisher 1958) populations with a low genetic 

diversity have a reduced genetic potential, which means that these populations are less able to 

deal with environmental changes (Bouzat 2010). The human-induced climate change is 

another source which could provoke loss respectively changes of natural habitats and abiotic 

conditions.  

 

 

Temperature as one of the most important abiotic factors for ectotherms 

and its impact on individual traits 

 

Temperature plays a very important role during the life of ectothermic organisms and has 

impacts on physiology, foraging activity, migration, growth or survival (Brakefield and 

Mazzotta 1995; Sinclair et al. 2003; Angilletta et al. 2004; Atkinson 2008). Ectotherm 

organisms are dependent on environmental temperature and therefore changes in temperature 

conditions have a huge impact on them (e.g. David et al. 1998; Hoffmann et al. 2003). In 

nature daily and seasonal environmental conditions may change rapidly and are unpredictable. 

Due to global warming temperature conditions will change generally and extreme conditions 

will occur more often (Deutsch et al. 2008). Therefore it is important to investigate how 

temperature changes can affect fitness-related traits. It is also possible that temperature 

impacts differ between live stages as well as during ontogeny (e.g. Chen et al. 1987; Shimada 

et al. 1991; Jones and Kunz 1997; summary in Bowler and Terblanche 2008).  

 

Temperature stress resistance is an important trait in consideration of changing temperature 

conditions (e.g. David et al. 1998). A more stress resistant individual could stay active and 

reproduce longer during unfavorable situations. Also short exposure to temperature stress 

could influence different individual traits. Low temperatures may be dangerous for insects, 

having different mechanisms to deal with such conditions (Bale 1993; Sinclair et al. 2003). 

Rapid cold hardening is a mechanism to enhance insect cold resistance (Coulson and Bale 

1991). During cold stress an upregulation of cryoprotectants occurs, like trehalose, glycerol 
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and prolines, of aquaporins, antioxidant enzymes and antifreeze proteins (Sinclair et al. 2003). 

Also the homoeoviscous adaptation is a cold-hardening mechanism and includes enhancing 

membrane fluidity (Sinensky 1974; Hazel 1995). The expression of heat shock proteins plays 

an important role in hibernation and less so in short cold stress (Teets and Denlinger 2013).  

 

Heat shock proteins are the main proteins which become activated under heat stress (see 

chapter 2.4). Non-native or denatured proteins are a cue for the induction of heat shock 

proteins (Ananthan et al. 1986) which helps refolding, degrading or stabilizing denatured 

proteins (Parsell and Lindquist 1993; Feder and Hofmann 1999). Response to cold or heat 

stress and the protection against stress provoke both benefits and costs. There are studies 

which describe a trade-off between cold hardening and the increase of cold stress resistance, 

fecundity and longevity (Coulson and Bale 1992, Franke and Fischer 2012).  

 

 

Ectotherm immune system as an important fitness-related trait 

 

Due to global warming and associated changing environmental conditions the prevalence and 

distribution of diseases is expected to change (Thomas and Blanford 2003; Chown and 

Terblanche 2007; Lafferty 2009). The insect immune system depends highly on abiotic, biotic 

and genetic factors (Karl et al. 2011) and therefore immune system must be assessed as an 

important fitness-related trait for insects.  

Insects can get infected or injured and have to deal with pathogens. The first barrier to avoid 

injuries, penetrations and infections of pathogens like bacteria, fungi, virus or parasite eggs is 

the insect cuticle which is made up of several layers in which chitin is the most important 

substance (Bulet et al. 1999; Vilmos and Kurucz 1998; Vincent and Wegst 2004). If the 

pathogens manage to get into the insect body, or the tissue gets injured, then the host immune 

system is activated. Insects just have an innate immune system which is divided into the 

cellular and humoral immune responses (Schmid-Hempel 2003). After an infection insects 

have to differentiate between `nonself´ and `self´ molecules (Gillespie et al. 1997). Therefore 

specific molecules on the pathogen surface like LPS (lipopolysaccharide), (1-3)-ß-D-glucans 

or peptidoglucans. Pathogen associated molecular patterns (PAMPs) are recognized by 

pathogen recognition receptors (PRRs) of the host and activate an immune response (Vilmos 

and Kurucz 1998; Kanost et al. 2004). 
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The fastest response to invaders is the cellular immune system which consists of the 

haemocytes. These “blood cells” lyse small pathogens via phagocytosis, bigger ones get 

encapsulated or nodulated and remain in the host tissue. For Lepidoptera 5 different 

haemocyte types were distinguished: Plasmatocytes, Granular Haemocytes, Oenocytoids, 

Spherule Cells and Prohaemocytes (Ribeiro and Brehélin 2006) which perform different 

functions. Granular Haemocytes and Plasmatocytes only adhere on foreign surfaces and do 

encapsulation and phagocytosis (Lavine and Strand 2002; Ribeiro and Brehélin 2006). 

Presumably Spherule Cells participate in the transport of cuticular cells and the stem cells or 

Prohaemocytes are able to differentiate into other haemocytes cells. The Oenocytoids are the 

place of the synthesis of the prophenoloxidase (proPO) which represent a link between 

cellular and humoral immune response (Ribeiro and Brehélin 2006).  

 

The enzyme phenoloxidase (PO) is a part of the humoral immune reaction and the key 

enzyme in the melanin formation (Vilmos and Kurucz 1998; Kanost et al. 2004) which 

encloses foreign objects or intruders (Cerenius and Söderhäll 2004). After the recognition of 

foreign patterns, tissue damage or injuries, a serine protease cascade gets activated and, over 

an intermediate step, the zymogene prophenoloxidase (proPO) is converted into PO. PO 

oxygenates phenols over different steps into melanin. This is a black pigment and an 

important factor in wound healing, sclerotization and is also a part of the humoral defense 

system (Sugumaran
 
2002; Kanost et al. 2004). Melanin surrounds the invaders and kills them 

by preventing ingestion. In addition during melanin formation cytotoxic byproducts like ROI 

(reactive oxygen intermediates) or RNI (reactive nitrogen intermediates) are produced (Nappi 

and Sugumaran 1999; Nappi and Vass 2001; Christensen et al. 2005). Additionaly, produced 

during melanin formation, ROS (reactive oxygen species) are toxic and help to kill invaders 

although they are also harmful to the host which requires a strict regulation of melanogenesis 

(Kumar et al. 2003; Christensen et al. 2005). In addition to the immune response melanin is 

also included in other physiological processes like cuticle tanning or hardening of egg chorion 

(Christensen et al. 2005).  

 

Another partcipants of the humoral immune system are antimicrobial peptides (AMPs) which 

respond to microbial infections. They are produced in the fat body, the haemocytes, the gut, 

the salivary glands, the reproductive tract and the epithelial cells (Vilmos and Kurucz 1998; 

Bulet et al. 1999) and are active against a lot of pathogens. Different AMPs have different 

http://www.sciencedirect.com/science/article/pii/S0022191006000138
http://www.sciencedirect.com/science/article/pii/S0022191006000138
http://www.sciencedirect.com/science/article/pii/S0022191006000138
http://www.sciencedirect.com/science/article/pii/S0022191006000138
http://www.sciencedirect.com/science/article/pii/S0022191006000138
http://www.sciencedirect.com/science/article/pii/S0022191006000138
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antibacterial, antiviral and antifungal functions and have been grouped into families. There 

are cecropin, defensin, drosomycin, the glycin-rich AMPs like attacins and gloverins and 

proline-rich AMPs like lebocins. Cecropin acts against gram-positive and gram-negative 

bacterias. Defensin is highly effective against gram-positive bacteria, and (Axén et al. 1997; 

Vilmos and Kurucz 1998) the small protein Drosomycin is active against filamentous fungi 

(Landon et al. 1997; Bulet et al. 1999). The glycin-rich AMPs like Attacin inhibit the outer-

membrane protein synthesis of E.coli and others gram-negative bacteria and is active only 

against gram-negative bacteria (Carlsson et al. 1991). Prolin-rich AMPs are mainly active 

against gram-negative bacteria: They increase bacterial membrane permeability and kill them 

consequently (Bulet et al. 1999). Another AMPs is Moricin which increases the permeability 

of the outer membrane of gram-positive and gram-negative bacteria (Hara and Yamakawa 

1995). Lysozyme is the largest AMP (14kDa) and is present in insects, vertebrates, 

microorganisms and plants. It is active against gram-positive
 bacteria and hydrolyzes the β-

1,4 - linkage between N-acetyl glucosamine and N-acetyl muramic acid residues of the 

peptidoglycan layer and also work against fungi (Vilmos and Kurucz 1998). Regarding 

AMPs, focus was set on measuring lysozyme-like activity that means I measured all microbial 

activities against Micrococcus aureus, a gram
+ 

bacterium, via photometry. Besides AMPs as 

activators for the immune response there are also other proteins like heat shock proteins 

(HSPs), which can provoke an immune response (see below). An intact immune system is an 

essential fitness-related trait to deal with unusual situations, preventing death and ensuring 

reproduction.  

 

 

Heat shock proteins and their role in stress response 

 

Under consideration of climate change and the future increase of unpredictable temperature it 

must be considered that individuals may be exposed to short stressful heat or cold periods 

(Deutsch et al. 2008). The heat shock response is another important fitness-relevant 

mechanism to deal with stressful conditions. Unfavorable conditions could alter protein 

conformation and stability (Hamdoun et al. 2003) which interfere with the normal protein 

function and may be harmful to the organisms and disturb important physiological processes. 

Especially the insects which are small and depend on environmental temperature have limited 

possibilities to react fast to temperature changes. Even short temperature changes could affect 
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insect physiology. In addition to temperature stress there are other stressors like toxins, 

oxidants, heavy metals or pathogens which can harm insects and provoke a protective 

mechanism like the heat shock response (Lindquist and Craig 1988).  

 

After different types of stress organism respond by the expression of proteins called heat 

shock proteins (HSP); (Lindquist and Craig 1988; Sørensen et al. 2003; Koštál and Tollarová-

Borovanská 2009; Tang et al. 2012) and this is an adaptive response to maintain homeostasis 

(Tang et al. 2012). HSPs are ubiquitous and highly conserved (Sørensen et al. 2003; Koštál 

and Tollarová-Borovanská 2009) and have been classified into 6 families differing in their 

molecular weight. Perhaps HSP 70 is the most frequently investigated HSP protein (e.g. 

Kristensen et al. 2002; Koštál and Tollarová-Borovanská 2009). The HSP 70 gets activated 

under stressful conditions but the heat shock cognate 70 (HSC 70) is a constitutive protein 

and always present. HSPs and HSCs work like chaperons and assist in protein re-folding, 

alignment and synthesis (Lindquist and Craig 1988; Sørensen et al. 2003) at both normal and 

stressful conditions. Due to the activation and the function of HSPs the cellular homeostasis is 

preserved (Tang et al. 2012). Stress proteins can also act as a signal to the immune system and 

provoke an immune response (Tang et al. 2012). A possible accumulation of the byproduct 

ROS at the melanin synthesis may cause protein denaturation, cell damage and trigger 

immune response or heat shock protein activation (Kumar et al. 2003). The damaged proteins 

could be recovered by HSPs. To measure HSP the method qRT-PCR (quantitative real time 

polymerase chain reaction) was used, and mRNA was quantified in real time via fluorescence.  

 

 

Study organism  

 

The tropical fruit-feeding butterfly Bicyclus anynana (Butler 1879, Nymphalidae, Satyrinae) 

was used in all experiments. It is a common species in eastern Africa from South Africa to 

Ethiopia (Larsen 1991) and occurs in woodland and savannah (Kielland 1990). This butterfly 

shows a sexual dimorphisms as well as distinct seasonal plasticity (Fig 1; Lyytinen et al. 

2004). During the dry season (ca. 18°C, May until November) individuals are consistently 

brown with only small eyespots. They are less mobile and because of the lack of larval 

feeding plants, they wait until the next rain season to reproduce. B. anynana larvae feed on 

various species of the Poaceae family (Larsen 1991; Brakefield 1997). When the wet season 
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starts (ca. 23°C, December until April) and larval host plants are available, butterflies begin to 

reproduce and breed up to three generations during the wet season. The wet season form is 

darker and has distinct eyespots (Brakefield and Kesbeke 1997; Lyytinen et al. 2004).  

 

 

©William H. Piel and Antónia Monteiro 

Fig 1  Left image A dry-season phenotype female mating a wet-season male.  

 Right image: A wet-season phenotype female is mating dry-season male. 

 

In 2007 a stock population was founded at Greifswald University based on several hundred B. 

anynana individuals. The individuals came from a well-established population in Leiden 

University (Netherlands). The founder population was established 1988 from over 80 gravid 

females in Nkhata Bay, Malawi. For all the experiments, individuals from the Greifswald 

stock were used. 

♀ ♀ 

♂ ♂ 





 

 Inbreeding and thermal adaptation in the tropical butterfly Bicyclus anynana 

 

17  

 

 

 

 

 

 

2 SYNOPSIS 

 

 





 

 Inbreeding and thermal adaptation in the tropical butterfly Bicyclus anynana 

 

19 SYNOPSIS 

2 SYNOPSIS 
 

 

2.1 Effects of inbreeding and temperature stress on fitness-related traits 

 

Inbreeding has long been known to yield negative effects on fitness-related traits in naturally 

outbreeding species (Frankham et al. 2002; Frankham 2005). These detrimental effects, called 

inbreeding depression, are caused by increased levels of homozygosity (Charlesworth and 

Willis 2009) and inbred individuals are predicted to be more sensitive to environmental stress 

than outbred individuals (Fox and Reed 2010; Fox et al. 2011). However, while some 

experimental studies have indeed found an increase in inbreeding depression in more stressful 

environments, there are exceptions and even contradicting findings (cf. Armbruster and Reed 

2005; Fox and Reed, 2010; Fox et al. 2011). In addition to these ambiguities, some issues in 

the context of inbreeding depression remained unexplored despite a longstanding interest in 

inbreeding (Franke and Fischer 2013).  

 

The ability to withstand environmental stress is without any doubt intimately related to 

fitness, and the associated stressors are consequently deemed among the strongest forces of 

natural selection (Marshall and Sinclair 2010). If inbreeding depression is specially 

pronounced under environmental stress (Fox et al. 2007; Fox and Reed 2011), it should 

consequently affect stress resistance traits strongly, which may in turn directly affect 

extinction risk in natural populations (Bijlsma et al. 2000). Thus, inbred populations may be 

particularly prone to extinction due to a reduced stress resistance. Arguably, the importance of 

an increased susceptibility of inbred individuals to environmental stress will increase in the 

future. Therefore, it is important to consider inbreeding and environmental stress, as both may 

interactively decrease population fitness (Kristensen et al. 2002).  

 

Against this background, the study evaluated the effects of inbreeding on body mass, pupal 

time, reproduction, longevity, heat tolerance and immune function in the tropical butterfly 

Bicyclus anynana under laboratory conditions (Franke and Fischer 2013). To investigate 

interactive effects between inbreeding and sensitivity to environmental stress, three levels of 

inbreeding were used. Inbreeding level 1 individuals resulted from one generation full-sib 
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mating, inbreeding level 2 individuals resulting from mating between full-sibs in two 

consecutive generations and outbred control individuals were mated randomly. As one of the 

most important abiotic factors temperature was used, and butterflies were exposed to control 

(27°C), high (39°C) and low (1°C) temperature for 2 hours. The susceptibility of inbred 

individuals to environmental stress was tested, an issue not addressed before (Franke and 

Fischer 2013).  

 

The outcomes showed a clear temperature effect on almost all traits (fecundity, egg hatching 

success, longevity, body mass, thorax mass, abdomen mass, haemocytes number and heat 

stress tolerance). Changes in inbreeding level affected pupal mass and reproductive traits like 

fecundity and egg hatching success especially (Fig 2; Frankham 1995; Fox et al. 2007; Dierks 

et al. 2012b), but there were no negative effects on stress resistance traits like immune 

function or heat stress resistance except for fat content. Namely that inbred lines had a lower 

fat content than the outbred line (Fig 3).  

 

 

Fig 2 Variation in percentage hatching success (means + 1 SE) in relation to hardening temperature 

and inbreeding level.  
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Fig 3 Variation in percentage fat content (means + 1 SE) in relation to hardening temperature and 

inbreeding level.  

 

Some two ways interactions in which inbreeding and temperature were involved were also 

found, but these interactions did not show a consistent pattern. 

It is interesting that 2 hours of temperature stress could affect insects in many traits 

profoundly. Survival after heat stress increases with hardening temperature. This pattern of a 

positive influence of heat-hardening on heat stress resistance is already well known as 

adaptive phenotypic plasticity (Marais et al. 2009; Fischer and Karl 2010). Fecundity was 

reduces by a 2h exposure to cold and heat stress; this pattern was largely mediated by side 

effects on longevity. The reduced lifespan could be caused by either direct damage or an 

indirect consequence of the resource-allocation, namely that individuals invest in heat shock 

protein production or cold stress defense (Scott et al. 1997; Sørensen and Loeschcke 2002) 

under temperature stress conditions. The body mass and haemocytes decreased with 

increasing temperatures. The decrease of the body mass at high temperatures is a general rule 

and caused by the increasing metabolic rate and higher activity rates (Temperature-size rule; 

Kingsolver and Woods 1997; Clarke and Fraser 2004). Only haemocytes as an immune 

parameter were affected by temperatures stress. The reason is not yet clear, but a general 

negative effect of high temperatures on the immune system is proposed as a hypothesis (Karl 

et al. 2011). The high negative inbreeding impact of reproductive-related traits in B. anynana 

could be explained by the high genetic load for these traits (Saccheri et al. 2005; Dierks et al. 

2012a). The lack of inbreeding effects on immune function allows proposing that the 

homozygote alleles caused by inbreeding are not related to the immune system and do not 
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diminish immune competence. An expression of heat shock proteins triggered due to 

inbreeding was expected (Pedersen et al. 2005) as well as an effect of stress resistance and it 

was assumed that inbreeding as an internal stress factor could activate heat shock proteins and 

provoke differences in the heat stress resistance. For B. anynana a reduced mRNA HSP 

production in inbred lines was found (see chapter 2.4). The absence of a meaningful 

interaction between inbreeding by temperature explains that inbred individuals at least under 

these conditions do not suffer more under environmental stress than outbred individuals and 

are not more sensitive to environmental stress (Armbruster and Reed 2005; Fox and Reed 

2011). It is possible that inbred effects are visible only under higher levels of inbreeding or 

longer periods of temperature exposure.  

 

 

2.2 Directional selection and plastic capacity 

 

Temperature is considered one of the most important selective agents, and consequently 

research on temperature stress resistance has attracted much interest over recent decades (e.g. 

David et al. 1998; Hoffmann et al. 2003; Andersen et al. 2005). Temperature-stress resistance 

refers to an organism’s ability to cope with stressfully high or low temperatures, and is 

considered a key factor for explaining the distribution and abundance of species (David et al. 

2003). Enhanced resistance to temperature stress can be reached by means of phenotypic 

plasticity or genetic adaptation (Fischer and Karl 2010). For example, genetic adaptations 

were clearly visible between tropical and temperate species. Temperate species and 

populations are more cold resistance than species from the tropical zone and vice versa 

(Gibert et al. 2001). Under different acclimation temperatures tropical species can show a 

different heat stress resistance (e.g Fischer et al. 2010). Therefore genotype and 

environmental conditions can interact and result in genotype-environment interactions (G x 

E). G x E were used to refer to different degrees by which individual genotypes are able to 

respond to environmental variation (Lazzaro et al. 2008). G x E has already been reported for 

insect growth, development, fecundity or immune function (Brakefield and Kesbeke 1997; 

Danielson-François et al. 2006; Franke et al. 2012) and demonstrate that there are differences 

between genotypes in the plastic response (Karl et al. 2008). 
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In this study, G x E in control and selection lines in the tropical butterfly Bicyclus anynana 

was investigated. This species is known to respond readily to temperature manipulations by 

phenotypic plasticity in temperature stress resistance as well as in an array of other traits 

(Fischer et al. 2003, 2010). Different genotypes of B. anynana had been previously produced 

by artificial selection to chill-coma recovery time (Dierks et al. 2012b) and the hypothesis 

was tested whether cold selected-lines show reduced plastic response than in non-selected 

lines (Franke et al. 2012). Reduced plastic response of selected lines was expected, due to the 

assumption that cold-tolerant lines benefit less from strong plastic response at low 

temperatures compared to control lines. Lines were also exposed to different rearing and 

acclimation temperatures as well as to different feeding regimes to investigate genotype-

environment interactions. Table 1 listed all supposed outcomes. These outcomes are based 

mainly on previous studies on B. anynana (Fischer et al. 2003; Bauerfeind and Fischer 2005; 

Bauerfeind et al. 2009; Fischer et al. 2010; Dierks et al. 2012a,b). The general absence of 

inbreeding effects was based on the fact that random mating took place for the last 14 

generations after full-sib mating.  

Table 1. Hypotheses for the main effects of several factors on larval time, pupal time, larval growth rate, 

pupal mass, chill-coma recovery time (CCRT), and longevity (modified Franke et al. 2012).  

Traits Factors 

  Selection  Inbreeding Rear T Sex Adult T Feed R 

Larval time No No 20°C > 27°C F > M - - 

Pupal time No No 20°C > 27°C M > F - - 

Growth rate No No 27°C > 20°C M > F - - 

Pupal mass No No 20°C > 27°C F > M - - 

CCRT CL > SL No 27°C > 20°C No 27°C > 20°C No 

Longevity No No 20°C > 27°C F > M 20°C > 27°C C > Starv 

Abbreviations: Rear T: Rearing temperature; Adult T: Adult temperature; Feed R: Feeding regime  

  CL: Control lines; SL: Selection lines      

  F: Female; M: Male        

  C: Control; Starv: Starvation       

  -: Not Tested 

The results of this study concerning selection regime, inbreeding, sex, temperatures and 

feeding regime are in agreement with the hypotheses summarized in table 1 and the outcomes 



 

 Inbreeding and thermal adaptation in the tropical butterfly Bicyclus anynana 

 

24 SYNOPSIS 

of other studies. Just as expected, different genotypes did not affect development traits (pupal 

time, larval time, growth rate, pupal mass). So it was considered that genetic changes in 

temperature stress resistance are independent of developmental traits in B. anynana (Mori and 

Kimura 2008; Dierks et al. 2012c; Franke and Fischer 2012). Effects of selection on longevity 

were as well detected but they do not suggest a trade-off between higher cold resistance and 

longevity for B. anynana (Dierks et al. 2012a). As expected cold stress resistance was higher 

for cold selected lines than for control lines. The effect was still visible after months without 

selection. Selected lines showed a 21% shorter recovery time for selected compared to non-

selected lines; immediately after the selection recovery time was 29% shorter (Dierks et al. 

2012a). The increase of the recovery time revealed that the cold-selected alleles and genes 

have not yet become fixed and disappeared without a selection procedure. A possible 

explanation for the missing fixation could be the absent need to be cold-adapted at standard 

rearing conditions about 27°C and so, cold-adapted alleles can get lost faster. Larger 

differences between selected lines were found and control lines at a 20°C (23%) than at a 

27°C (18%) rearing temperature. These differences were more pronounced at the higher adult 

temperature (20°C: 20%; 27°C: 25%). In addition, selection lines show 41% (all) and 48% 

(reared at 20°C) shorter recovery times at 20°C compared to 27° and control lines 40% (all) 

and 52% (reared at 20°C) shorter ones. For that reason it was considered that plastic response 

in cold resistance is comparably high across selection regimes (Franke et al. 2012).  

The main goal was to identify plastic responses in populations with different genetic 

background and genotype-environment interactions. The most important outcomes are that 

lines selected for higher cold resistance 1) developed faster than control lines at 20°C, 2) 

showed larger differences in cold resistance than the control line when reared at 20°C and 3) 

show larger colder resistance differences than the control line at 27°C adult temperature 

(Franke et al. 2012). Selection regime was involved in many interactions but without showing 

a consistent pattern. Therefore it was concluded that the hypothesis that lines with higher cold 

stress resistance show reduced plasticity is invalid and both selection regimes have a similar 

capacity for plastic responses. The result showed that different genotypes for cold-resistance 

do not, or only marginally, differ in their plastic capacity and that genes which are required 

for plastic responses are independent from the genetic architecture of the main traits.  
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2.3 Impact of selection during the adult stage on variation in other 

developmental stages 

 

The ability to respond to environmental changes is important to ensure a species’ longer-term 

persistence. This can be achieved through phenotypic plasticity or through genetic adaptation 

involving changes in allele frequencies (Bijlsma and Loeschcke 2005; David et al. 2005). 

Antagonistic pleioptropy is a clear limitation to genetic adaptation (Stearns 1989; Roff 2002). 

In the last years our knowledge about genetic trade-offs has increased much, especially due to 

the use of artificial selection experiments (e.g. Bell and Koufopanou 1986; Brakefield et al. 

2003; Czesak and Fox 2003; Bubliy and Loeschcke 2005; Fischer et al. 2006, Bauerfeind and 

Fischer 2007; Bertoli et al. 2010). Trade-offs between different traits have been often 

measured among traits, but there are less studies on trade-offs across developmental stages 

(but, for example, Tucic 1979; Cheverud et al. 1983; Loeschcke and Krebs 1996).  

To proof genetic links in the expression of specific phenotypes among different life stages 

artificially selected B. anynana butterflies were used. Previously B. anynana lines were 

selected artificially for increased cold tolerance in the adult stage and inbreeding lines 

(control, one generation full-sib mating, two generations full-sib mating; Dierks et al. 

2012a,b). Throughout ontogeny it was expected that selection at a certain stage would result 

in a correlated response in all other life stages and that increased cold resistance was visible 

throughout development (cf. Tucic 1979), because of the assumption of genetically positively 

correlated gene expression, which should be beneficial throughout ontogeny if cold tolerance 

is selected for the adult stage (Dierks et al. 2012c).  

 

A significant response to selection was found in young butterflies, but not in the older ones. 

The age specific difference for adult cold stress resistance could be explained by the 

increasing age and senescence (see review Bowler and Terblanche 2008). The clear positive 

selection effect in adult stage was not noticeable in eggs, larvae or pupae. In eggs a reduced 

survival rate in cold-selected lines compared to outbred lines was found. All other 

developmental stages were non-significant and were not affected by the artificial selection 

procedure. Because of these results a possible explanation is a resource allocation trade-off 

with energy-demanding functions competing for limited energy resources (Stearns 1989, 

1992; Roff 2002; Roff and Fairbairn 2007). Consequently, resources allocated to increased 

cold tolerance in the adult stage may not be available anymore for offspring provisioning, 
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which may in turn diminish subsequent offspring performance. Such effects should be more 

pronounced in early developmental stages, which is indeed the case here. An increasing 

performance in one trait may result in a trade-off for other traits due to resource allocation 

(Dierks et al. 2012c). Another suggestion is that there is no cold resistance phenotype but 

rather a fine-tuned response to selection. That means that if selection takes place during adult 

stage, then only this stage was affected by selection procedure. 

 

This results highlighted that increased performance in a specific trait may be traded off not 

only against other energy-demanding functions but also against performance throughout 

ontogeny, which may substantially affect optimal responses to selection pressures (Marshall 

and Sinclair 2010; Stoks and De Block 2011; Dierks et al. 2012c). 

 

 

2.4 Inbreeding and temperature stress affect HSP70 expression  

 

The populations of many species experience habitat loss, fragmentation or degradation which 

result in smaller or isolated populations (Mikkelsen et al. 2010). Small and isolated 

populations suffer more under drift and inbreeding than large populations (Hoffmann and 

Hercus 2000). Negative inbreeding effects on fecundity, egg hatching success or body mass 

may increase under changing and stressful environmental conditions (Armbruster and Reed 

2005; Fox and Reed 2011). The heat shock response is a mechanism to buffer detrimental 

effects of temperature stress (Lindquist and Craig 1988) and prevent other proteins to get 

aggregated and help in protein (re-)folding, alignment and synthesis (Sørensen et al. 2003). 

One of the most investigated families is the HSP 70 family (e.g. Kristensen et al. 2003; Koštál 

and Tollarová-Borovanská 2009) which was also focused in this study. The mechanisms 

which caused higher inbreeding sensitivity under environmental stress is not well understood 

(but e.g. Vermeulen and Bijlsma 2004; Kristensen et al. 2005). The heat shock response could 

represent such a mechanism, because of its importance for cell-functioning and the ability to 

deal with many stressors (Sørensen et al. 2003) and if inbreeding affects the heat shock 

response negatively this could explain detrimental effects and increased sensitivity to stress. 

In this study the effects of inbreeding and temperature stress on HSP 70 expression in the 

butterfly B. anynana were investigated aiming to discover if inbreeding affects heat shock 
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response negatively and causes detrimental effects on individual´s stress performance and 

increased sensitivity to stress. The hypothesis that inbreeding interferes with the heat shock 

response was also specifically tested. To quantify HSP70 expression quantitative real-time 

reverse transcription PCR (qPCR; Huggett et al. 2005) was and expression levels relative to a 

reference group were investigated (Livak and Schmittgen 2001; Franke and Fischer 2014).  

 

As expected there is a strong upregulation for HSP 70 after heat stress (Sørensen et al. 2009). 

Also the mRNA HSP 70 expression was affected by inbreeding: inbred individuals showed a 

minimal upregulations of HSP70 after heat exposure, being reduced to ca. 2% compared to 

outbred individuals (Fig 4).  

 

 

Fig 4 Expression of mRNA HSP70 measured as relative quantification (RQ + 1 SE) in relation to 

temperature and inbreeding. Note the logarithmic scale.  

 

The strong upregulation of heat shock proteins after heat stress helps maintaining vital 

functions under stress in outbred individuals (Sørensen et al. 2009). Different outcomes of 

studies revealed a positive correlation between heat stress resistance and HSP70 expression 

(Bahrndorff et al. 2009) others showed the opposite or no correlation (Dahlgaard et al. 1998; 

Bahrndorff et al. 2010). Based on the outcome of Franke and Fischer (2013) a positive 

relation between heat stress resistance and HSP70 expression in B. anynana is proposed.  

 

This study could not detect an upregulation of HSP70 after exposure to 1°C. There was no 

increased HSP 70 expression after a short cold stress impact (Feder and Hofmann 1999; Karl 
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et al. 2009) but rather, HSP expression increases after a longer cold temperature impact like 

diapause or cold acclimation (Teets and Denlinger 2013) and there are evidences that HSP 70 

do not play an important role in short cold stress resistance (Teets et al. 2012). Therefore it is 

proposed that the used cold stress exposure time (2h) was not long enough to elicit a heat 

shock protein response to make differences in the HSP expression.  

Unlike this study, other studies found an upregulation of HSP70 in inbred lines as a 

consequence of `genetic stress´ caused by inbreeding (Kristensen et al. 2002; Cheng et al. 

2006; but Bahrndorff et al. 2010). However such results were found exclusively at 

intermediate temperatures and disappeared under stress (Kristensen et al. 2002; Cheng et al. 

2006).  

Even mild and ecologically relevant levels of inbreeding showed a strong interference 

between heat shock response and inbreeding in Bicyclus anynana; namely inbred individuals 

showed no up-regulation of HSP after heat stress. Consequently it is supposed that the 

interference of the heat shock response could be one reason why inbred individuals show 

reduced fitness and increased mortality in stressful environments, at least in my study 

organism. More empirical data are needed to make general conclusions for an array of taxa.  
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Abstract

Theory predicts that inbreeding depression should be more pronounced

under environmental stress due to an increase in the expression of recessive

deleterious alleles. If so, inbred populations may be especially vulnerable to

environmental change. Against this background, we here investigate effects

of inbreeding, temperature stress and its interactions with inbreeding in the

tropical butterfly Bicyclus anynana. We use a full-factorial design with three

levels of inbreeding (F = 0/0.25/0.38) and three temperature treatments

(2 h exposure to 1, 27 or 39 °C). Despite using relatively low levels of

inbreeding significant inbreeding depression was found in pupal mass, pupal

time, thorax mass, abdomen fat content, egg hatching success and fecundity.

However, stress resistance traits (heat tolerance, immune function) were not

affected by inbreeding and interactions with temperature treatments were

virtually absent. We thus found no support for an increased sensitivity of

inbred individuals to environmental stress, and suspect that such patterns

are restricted to harsher conditions. Our temperature treatments evidently

imposed stress, significantly reducing longevity, fecundity, egg hatching suc-

cess and haemocyte numbers, while fat content, protein content and lyso-

zyme activity remained unaffected. Males and females differed in all traits

measured except pupal time, protein content and phenoloxidase (PO) activ-

ity. Correlation analyses revealed, among others, a trade-off between PO

and lysozyme activity, and negative correlations between fat content and

several other traits. We stress that more data are needed on the effects of

inbreeding, temperature variation and sexual differences on insect immune

function before more general conclusions can be drawn.

Introduction

Inbreeding, that is, mating between related individuals,

has long been known to yield negative effects on fit-

ness-related traits in naturally outbreeding species

(Frankham et al., 2002; Frankham, 2005). These detri-

mental effects, called inbreeding depression, are caused

by increased levels of homozygosity (Charlesworth &

Willis, 2009). Because of an expected increase in the

expression of recessive deleterious alleles, inbred

individuals are predicted to be more sensitive to

environmental stress than outbred individuals (Fox &

Reed, 2010; Fox et al., 2011). However, while some

experimental studies have indeed found an increase in

inbreeding depression in more stressful environments,

there are exceptions and even contrary findings

(cf. Armbruster & Reed, 2005; Fox & Reed, 2010; Fox

et al., 2011).

In addition to these ambiguities, some issues in the

context of inbreeding depression remained underex-

plored despite a longstanding interest in inbreeding. For

instance, regardless of the frequent use of environmen-

tal manipulations to induce stress (Armbruster & Reed,

2005; Fischer et al., 2010; Fox & Reed, 2010; Fox et al.,

2011), surprisingly few studies are available on inbreed-

ing effects on stress resistance traits per se, that is, on,

for example, heat tolerance or disease resistance, at

least in taxa other than Drosophila (but e.g. Drayton &
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Jennions, 2011; Fox et al., 2011; Dierks et al., 2012a,b).

Studying the interplay between inbreeding, environ-

mental stress and stress resistance, however, is for sev-

eral reasons of pivotal importance. The ability to

withstand environmental stress is without any doubt

intimately related to fitness, and the associated stressors

are consequently deemed among the strongest forces of

natural selection (Marshall & Sinclair, 2010). If inbreed-

ing depression is particularly pronounced under envi-

ronmental stress (Fox & Reed, 2010; Fox et al., 2011),

it should consequently particularly strongly affect stress

resistance traits, which may in turn directly affect

extinction risk in natural populations (Bijlsma et al.,

2000). Thus, inbred populations may be particularly

prone to extinction due to a strongly reduced stress

resistance.

Arguably, the importance of an increased susceptibil-

ity of inbred individuals to environmental stress will

strongly increase in the future. On the one hand,

human-induced loss and fragmentation of natural habi-

tats reduces population size, thereby increasing inbreed-

ing risk for many species (Hoffmann & Hercus, 2000;

Frankham et al., 2002). In addition to eliciting direct

detrimental effects on population fitness, this process

may also constrain evolutionary potential (Bijlsma &

Loeschcke, 2012; Dierks et al., 2012a), thus reducing

the ability to adapt to changing environments. On the

other hand, global warming is likely to increase envi-

ronmental stress due to associated changes in the fre-

quency and severity of thermal stress, and changes in

the distribution and prevalence of infectious diseases

(Chown & Terblanche, 2007; Lafferty, 2009).

Therefore, it is important to jointly consider inbreed-

ing and environmental stress, as both may interactively

decrease population fitness (Kristensen et al., 2003).

Although historically ecological factors were assumed to

be of overwhelming importance for extinction risk in

natural populations, a growing number of laboratory

and field studies suggests that the impact of inbreeding

should not be ignored (Saccheri et al., 1998; Keller &

Waller, 2002; Kristensen et al., 2003). Therefore, inter-

active effects between inbreeding and environmental

stress should be investigated in an array of plants and

animals (Fox & Reed, 2010; Fox et al., 2011).

Against this background, we here study effects of

inbreeding on body mass, pupal time, reproduction,

longevity, heat tolerance and immune function in the

tropical butterfly Bicyclus anynana (Butler, 1879) under

laboratory conditions. To investigate interactive effects

between inbreeding and sensitivity to environmental

stress, we use three levels of inbreeding with individu-

als being exposed to control, stressfully high or low

temperatures prior to measurements. We used tempera-

ture manipulations to induce stress as temperature is

one of the most important factors affecting develop-

ment, reproduction and the distribution of species, and

because natural temperature variation frequently

includes stressful levels (Hoffmann et al., 2003; Overg-

aard & Sørensen, 2008). Previous studies on B. anynana

have used partly similar designs, investigating (i) effects

of inbreeding on life history and stress resistance traits

(Dierks et al., 2012a) as well as on evolutionary poten-

tial (Dierks et al., 2012b, 2012c), (ii) plastic capacities in

selection and control lines (Franke et al., 2012), and

(iii) environmental effects on stress resistance and

immune function (Fischer et al., 2010; Karl et al.,

2011). Here, we experimentally test for an increased

susceptibility of inbred individuals to environmental

stress, an issue we have not addressed before. More-

over, we include several resistance traits which we

have not investigated in the context of inbreeding

before (immune function), and which have received

hitherto only very limited attention. Our design fur-

thermore enabled us to investigate effects of tempera-

ture and sex.

Among the large number of resistance traits we

selected heat tolerance and immune function. The for-

mer trait was chosen because variable thermal environ-

ments are common and may pose substantial challenges

for individual survival and reproduction (Hoffmann

et al., 2003). Moreover, the importance of heat tolerance

will likely increase in the future due to global warming,

causing a raise in mean temperatures but also in temper-

ature extremes (Diffenbaugh et al., 2007; Deutsch et al.,

2008). Immune function was chosen because the preva-

lence and distribution of diseases is also expected to

change substantially with global warming (Chown &

Terblanche, 2007; Lafferty, 2009), and because the insect

immune system depends strongly on biotic and abiotic as

well as genetic factors (Karl et al., 2011). We measured

three well-established proxies for the status of the insect

immune system, namely phenoloxidase (PO) activity,

losyzyme activity and haemocyte number (e.g. Cotter

et al., 2004; Karl et al., 2010). PO is an important enzyme

involved in melanization and encapsulation processes,

lysozymes are antimicrobial peptides that are produced

in the fat body and destroy the cell walls of gram+ bacte-

ria, and haemocytes are involved in the phagocytosis of

small-sized microbes and the encapsulation of larger

parasites (cf. Sugumaran 2002; Gonzalez-Santoyo &

Cordoba-Aguilar, 2012). Investigating different compo-

nents of the immune system seems important as

responses may not be related or even traded off against

each other (Cotter et al., 2004; Triggs & Knell, 2012).

The specific aims of our study are (i) to investigate

inbreeding depression, (ii) to test for an increased sus-

ceptibility of inbred individuals to environmental stress,

(iii) to explore the effects of thermal stress on life-his-

tory traits and immune function, (iv) to test for sexual

differences especially in immune function and finally

(v) to perform correlation analyses among the traits

measured to test for potential resource allocation trade-

offs (e.g. Schmid-Hempel, 2003; Rolff et al., 2004;

Gonzalez-Santoyo & Cordoba-Aguilar, 2012).
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Materials and methods

Study organism

For this experiment, we used B. anynana (Nymphalidae,

Satyrinae), a tropical, fruit-feeding butterfly ranging

from southern Africa to Ethiopia (Larsen, 1991). Bicy-

clus anynana shows two seasonal morphs as an adapta-

tion to inhabiting regions with alternating wet and dry

seasons. During the colder dry season, food plants for

larval feeding are not available. Consequently, butter-

flies are largely inactive during this period, showing a

cryptically coloured phenotype with uniform wing

patters and small eyespots. These dry season butterflies

do not mate before the first rains indicate the beginning

of the next wet season (Brakefield, 1997). In the war-

mer wet season, however, during which 2–3 genera-

tions occur, food plants are abundantly available. Here,

butterflies reproduce and are more conspicuously col-

oured, having large eyespots and a bright band to

deflect predators (Lyytinen et al., 2004). In 1988, a

stock population of B. anynana was founded at Leiden

University, The Netherlands, from 80 gravid females

caught at Nkhata Bay, Malawi. In 2007, several hun-

dred individuals from the well-established population at

Leiden University were transferred to Greifswald Uni-

versity. In each generation, several hundred individuals

are reared, ensuring a high level of heterozygosity at

neutral loci (Van’t Hof et al., 2005). For this experi-

ment, the Greifswald stock population was used.

Experimental design and data acquisition

To investigate effects of inbreeding, three inbreeding

levels were established by means of full-sib matings:

inbreeding level 2 resulting from two full-sib matings in

consecutive generations (‘I2’; F = 0.38), inbreeding level

1 resulting from one full-sib mating (‘I1’; F = 0.25) and

outbred controls resulting from random mating (‘C’;

F = 0). Expected inbreeding coefficients (F) were calcu-

lated assuming that the stock population has an inbreed-

ing level of zero (Kristensen et al., 2003). The above

inbreeding levels were set up from the stock population

as follows. First, 80 virgin females and males each were

randomly selected from the stock population, and set up

in cylindrical hanging cages (30 9 39 cm) for mating.

The first 50 pairs to mate were isolated and placed indi-

vidually in translucent 1 L plastic containers. After mat-

ing, males were removed from the containers, while

females were provided with a leaf of maize for egg-

laying and with moist banana for adult feeding. The eggs

produced by individual females were afterwards trans-

ferred to elongated, sleeve-like gauze cages containing a

young maize plant for further development. Conse-

quently, each ‘sleeve’ cage represented one full-sib fam-

ily. Density per cage was standardized to 40 larvae, and

maize plants were replaced as necessary. Unless otherwise

stated, rearing and maintenance took place in a single

climate room under conditions mimicking the wet season

(i.e. at 27 °C, 70 � 5% relative humidity, and a photo-

period of L12 : D12). Butterflies were fed with moist

banana throughout.

The butterflies resulting from the above families were

used to set up the ‘I2’ treatment by mating one virgin

brother to one virgin sister per full-sib family (1st full-

sib mating). We performed two such full-sib matings per

family to ensure a sufficiently high number of inbred

families, although one replicate per family was discarded

after having tested for hatching success. Following the

first full-sib mating, the above procedure was repeated

once (2nd full-sib mating). Parallel to the second gener-

ation of the ‘I2’ treatment, the ‘I1’ treatment was set up

as described above by mating random virgin males and

females and rearing full-sib families in ‘sleeve’ cages.

Thereafter, the control treatment was set up by mating

random, virgin stock individuals. This staggered design

resulted in 33 ‘C’ families, 36 ‘I1’ families and 46 ‘I2’

families, which could be compared at the same time.

Per family, 40 larvae were reared in the aforemen-

tioned ‘sleeve’ cages, being fed with young maize plants

ad libitum. Resulting pupae were collected daily and

weighed on day 1 after pupation to the nearest 0.1 mg

(balance: KERN 410). Afterwards, pupae were kept

individually in translucent plastic cups (volume

125 mL) covered with gaze. Upon adult eclosion, pupal

development time and sex were scored. We did not

record larval development time, as larvae within

‘sleeve’ cages originated from different oviposition days.

To test for interactions between inbreeding level and

thermal stress tolerance, butterflies were randomly

divided among three treatment groups, being exposed

for 2 h to 1 °C (cold stress), 27 °C (control) or 39 °C

(heat stress). All animals (except for one group of

pupae) were exposed to different temperatures in the

early adult stage as detailed below. They were ran-

domly subdivided among three groups for scoring

fecundity, egg hatching success and longevity (group A),

for investigating heat tolerance (B), or for analyses of

adult body mass, fat and protein content as well as

immune parameters (C; see further below). Body (tho-

rax and abdomen) mass was not used as a proxy for

structural size, but rather as a proxy of condition, as we

are interested in the effects of inbreeding and tempera-

ture on the individuals’ ability to accumulate or differen-

tially use storage reserves.

Group A males and females were initially kept sepa-

rately, but were allowed to mate in hanging cages on

days 3–5 of adult life. Resulting couples were individu-

ally transferred to translucent 1 L plastic containers.

After mating, pairs were randomly exposed to one of

the above mentioned temperature treatments. After-

wards, males and females were separated, individually

placed in 1 L plastic containers, and back-transferred to

27 °C. All butterflies were fed with moist banana and
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kept in their containers until death. Females were addi-

tionally provided with a maize leaf for oviposition. Egg

numbers were counted and removed daily for the fol-

lowing 10 days, and the first 50 eggs per female were

transferred to Petri dishes lined with moist filter paper

to analyse egg hatching success (proportion of eggs

producing larvae). For fecundity and hatching success

sample size ranged between 10 and 39 butterflies per

inbreeding level by temperature group, and for longe-

vity between 21 and 76. The same females were used

for measuring fecundity and longevity.

In addition, spare pupae from the outbred control

group were randomly exposed to the above tempera-

tures for 2 h on day 3 of pupal development. They

were treated in the same way and used for measuring

the same traits as outlined above, except of having

been exposed to different temperatures in the pupal

rather than the adult stage. For fecundity and hatching

success sample size ranged between 15 and 33 indivi-

duals, and for longevity between 37 and 76 per group.

Group B butterflies were exposed to their respective

temperature treatment on day 1 after adult eclosion.

For measuring heat tolerance, butterflies were exposed

for 1 h to 44 °C on the following day, after which they

were back-transferred to 27 °C. Survival rate was

scored 24 h later. Throughout, all individuals used here

were kept individually in the plastic cups used for pupal

rearing, being fed with water only. Data acquisition

stopped on day 3 of adult life in these individuals. Per

group between 47 and 94 individuals were tested.

Group C butterflies were exposed to the different tem-

perature treatments on day 1 after adult eclosion, being

frozen immediately afterwards in liquid nitrogen and

stored at �80 °C for later analyses. We used 32–42

individuals per group for measuring PO activity, haemo-

cyte numbers, lysozyme activity, protein and fat content.

Frozen butterflies were first weighed to the nearest

0.01 mg (Sartorius LE225D; Sartorius AG, Göttingen,

Germany). Afterwards, wings, legs and heads were

removed. Thoraces were weighed and used for PO activ-

ity, haemocyte numbers and protein content. Abdomen

were also weighed and longitudinally cut into two parts.

One half was used to determine fat content, the other to

determine lysozyme activity.

Thoraxes were perfused with 0.3 mL cacodylate buf-

fer (0.01 M sodium cacodylate trihydrate, 0.005 M

CaCl2; syringe: Sterican 20, 0.40 9 20 mm; Braun,

Melsungen, Germany) to obtain haemolymph extract.

To determine haemocyte numbers, 10 lL haemolymph

extract per individual was transferred to one well of a

multiwell slide. Per well, 2.5 lL ethidiumbromide

[1 : 25 in phosphate buffered saline (PBS); 11.9 mM

Na2HPO4*2H2O, 137 mM NaCl, 2.7 mM KCl, pH = 7.4;

1% ethidiumbromide] were added as fluorescent stain.

Haemocyte counts were obtained using a digital

camera connected to a Nikon Eclipse 90i fluorescence

microscope (magnification 9 40) and the program NIS

Elements. A screen was superimposed and we took four

squares (1000 9 1000 lm each) per individual to count

haemocytes (camera Nikon DS-U2-Ri1; Nikon Corpora-

tion, Tokyo, Japan). We used the total number of hae-

mocytes for further analyses.

Total protein content was quantified by using the Bio

Rad protein assay, which is based on the Bradford

method (Bradford, 1976). One microlitre of the hemol-

ymph extract was diluted in 160 lL aqua dest., and then

40 lL Bio Rad solution was added. The absorbance was

read at 595 nm and 30 °C after 10 min of incubation

with an Absorbance Microplate Reader (BioTekELx 808,

Bad Friedrichshall, Germany). Four replicates were mea-

sured per individual. A standard curve was constructed

with Albumine Bovine Serum in cacodylate buffer,

using a concentration series (0–2 mg/mL). Thereby, we

obtained a standard equitation to calculate protein con-

tent. The mean value of the four measurements per

individual was used for further analyses.

For measuring PO activity, we followed the protocols

of Rolff & Siva-Jothy (2004) and Stoks et al. (2006), as

modified by Karl et al. (2011). Haemolymph extracts

obtained above and thoraces were homogenized and

centrifuged immediately afterwards (18 659 g, 10 min,

4 °C). Per individual, two-times 60 lL of the superna-

tant was transferred to wells of a 96-well plate. Then,

5 lL aqua dest. was added per well and the reaction was

allowed to incubate at room temperature for 5 min, after

which 140 lL L-DOPA (1 mM 3,4 dihydroxyphenyl-

L-alanine; Fluka Analytica, Sigma-Aldrich Corporation,

St. Louis, MO, USA) were added. The absorbance was

subsequently read at 490 nm and 30 °C for 45 min (90

reads; BioTekELx 808). We ran blank samples contain-

ing cacodylate buffer, aqua dest. and L-DOPA to control

for a possible increase of the particulars in the solutions

(Bailey et al., 2010). Blank values were afterwards sub-

tracted from each individual PO value. Equal numbers

per treatment group were always run together on one

micro-well plate. To calculate enzyme activity, we used

the linear slope of the reaction between 15 and 30 min

for all samples. We used the mean of both measures per

individual in subsequent analyses.

To determine lysozyme-like activity we followed the

protocol of Drayton & Jennions (2011). We used half an

abdomen per individual. The tissue was homogenized in

50 lL PBS (pH = 7.4) and afterwards centrifuged

(14 000 r.p.m., 10 min, 4 °C). The wells of 96-well

plates were loaded with 20 lL supernatant and 80 lL

Micrococcus luteus solution (3 mg/mL in PBS) per indivi-

dual as well as blank samples (20 lL PBS and 80 lL

M. luteus solution). Again, equal numbers per treatment

group were always run together on one micro-well plate.

We measured the optical density (OD) of the above solu-

tions at 490 nm and 30 °C for 5 h (BioTekELx 808). The

change in OD was determined by subtracting the final

from the initial value. The mean of the blank values was

subtracted from the resulting ODs on one plate.
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To determine fat content, we followed the protocol of

Fischer et al. (2003). Half abdomens were dried for 48 h

at 60 °C in open 1.5 mL tubes. Afterwards, abdomen dry

masses were scored, and the abdomens were transferred

to 4 mL glass tubes. Tubes were filled with a methanol-

dichloromethane solution (1 : 3), closed and then placed

on a shaker (100 r.p.m.) for 48 h. After 2 days, solutions

were renewed and samples were again placed on a sha-

ker for 48 h. Then, solutions were removed, and abdo-

mens were dried again for 48 h at 60 °C and afterwards

weighed. Fat content was calculated by subtracting the

fat free dry weight from the initial dry weight. Percent-

ages were used in further analyses.

Statistical analysis

Data on pupal time and pupal mass were analysed with

nested analyses of variance (ANOVAs) using inbreeding

level (C, I1, I2) and sex as fixed factors. Family (ran-

dom factor) was nested within inbreeding level.

Throughout all other statistical analyses, we used only

one male and one female per family in each treatment

group. Data on total fecundity, egg hatching success,

longevity, adult body mass and immune parameters

were analysed with AN(C)OVAs using inbreeding level

and temperature treatment as fixed factors. Sex and dif-

ferent covariates were added as appropriate. Minimum

adequate models were constructed by sequentially

removing nonsignificant interaction terms. For daily

fecundity, we used repeated measures ANOVAs. Heat

stress resistance was analysed with a generalized linear

model with a binomial error distribution and a logit-

link function. Haemocyte numbers were log-trans-

formed prior to analysis to meet ANOVA requirements.

Tukey’s HSD was used for pair-wise comparisons. All

statistical tests were performed with STATISTICA 6.0.

Throughout, means are given � 1 SE.

Results

Pupal mass and time

Pupal mass significantly decreased with increasing

inbreeding level (C: 177.4 � 0.5 mg > I1: 172.4

� 0.7 mg = I2: 169.7 � 0.8 mg; Tukey HSD after ANOVA),

while pupal time slightly increased (C: 6.0 �

0.01 days = I1: 6.0 � 0.01 days < I2: 6.1 � 0.02 days;

Table 1). Females were significantly heavier than males

(191.6 � 0.5 mg > 155.8 � 0.5 mg), while there was no

sex difference in pupal time. Both traits differed signifi-

cantly across families.

Reproduction and longevity (group A)

Total fecundity significantly decreased with increas-

ing inbreeding level (C: 162.6 � 9.5 eggs = I1:

153.3 � 9.4 eggs > I2: 95.9 � 12.0 eggs; Tukey HSD

after ANOVA), and was significantly higher in the tem-

perature control group (27 °C: 169.3 � 9.6 eggs) com-

pared to either the heat or cold exposed group (1 °C:

129.1 � 11.8 eggs = 39 °C: 130.0 � 10.4 eggs; Tukey

HSD; Table 2, Fig. 1a). Adding longevity as covariate

(F1,157 = 18.3; P < 0.0001) to the above analysis reveals

that the detrimental effects of temperature stress on

fecundity are mediated through a reduction in life span,

as the effect of temperature was no longer significant

(F2,157 = 2.2; P = 0.1130), while the negative impact of

inbreeding remained qualitatively unchanged. Accord-

ingly, there was a positive correlation between longev-

ity and total fecundity (r = 0.3317, P < 0.0001,

n = 167). A repeated measures ANOVA on daily fecundity

Table 1 Results of two-way nested ANOVAs for the effects of

inbreeding level, family (random factor, nested within inbreeding

level) and sex on pupal mass and pupal time in the butterfly

Bicyclus anynana. Minimum adequate models were constructed by

sequentially removing nonsignificant interaction terms. Significant

P-values are given in bold. MS, Mean Squares.

MS d.f. F P

Pupal mass

Inbreeding level 9759 2,132 7.3 0.0010

Family [Inbr. level] 1914 115,2641 7.6 <0.0001

Sex 837 762 1,2641 3315.4 <0.0001

Error 253 2641

Pupal time

Inbreeding level 0.84 2,150 3.6 0.0288

Family [Inbr. level] 0.31 115,2641 3.8 <0.0001

Sex 0.06 1,2642 0.7 0.3957

Error 0.08 2641

Table 2 Results of ANOVAs for the effects of inbreeding level and

temperature treatment on fecundity and egg hatching success, and

for the effects inbreeding level, temperature treatment and sex on

longevity in the butterfly Bicyclus anynana. Minimum adequate

models were constructed by sequentially removing nonsignificant

interaction terms. Significant P-values are given in bold. MS:

Mean Squares

MS d.f. F P

Fecundity

Inbreeding level 45 714 2,164 7.9 0.0006

Temperature 21 870 2,164 3.8 0.0253

Error 5840 164

Egg hatching success

Inbreeding level 24 943 2,161 24.4 <0.0001

Temperature 2653 2,161 3.7 0.0261

Error 1036 161

Longevity

Inbreeding level 185.6 2,311 1.8 0.1701

Temperature 982.4 2,311 9.4 0.0001

Sex 842.2 1,311 8.1 0.0048

Inbr. level*Temp. 307.3 4,311 2.9 0.0205

Temp.*Sex 556.9 2,311 5.4 0.0052

Error 104.2 311
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fully confirmed the above results, and additionally

showed that fecundity initially increased until day 4 of

the oviposition period, while it afterwards decreased

(time effect: F9,1197 = 23.5, P < 0.0001). Egg hatching

success also significantly decreased with increas-

ing inbreeding level (C: 63.2 � 3.6% > I1: 40.2 �

4.9% > I2: 15.0 � 4.7%; Tukey HSD), and was lowest

at 1 °C followed by 39 °C and 27 °C (1 °C: 32.8

� 4.5% < 39 °C: 47.0 � 5.6% < 27 °C: 55.0 � 4.6%;

Table 2, Fig. 1b).

Longevity remained unaffected by inbreeding level,

but was longer under control compared with stressful

temperatures (27 °C: 26.4 � 1.0 days > 39 °C: 22.6

� 1.1 days = 1 °C 19.8 � 1.1 days; Tukey HSD; Table 2).

Males lived in general longer than females (25.3 �

1.0 days > 21.4 � 0.6 days), although this effect was

restricted to the control temperature group (1 °C: males

20.3 � 1.9 days = females 19.3 � 1.2 days; 27 °C:

males 30.6 � 1.5 days > females 22.3 � 1.0 days; 39 °

C: males 22.8 � 1.8 days = females 22.5 � 1.2 days).

The significant interaction between inbreeding level

and temperature treatment resulted from the I1 group

showing the highest longevity after exposure to 39 °C

(Fig. 1c).
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When outbred control pupae were exposed to differ-

ent temperatures (see Material and methods), total

fecundity was not significantly affected by temperature

treatment (F2,79 = 1.8, P = 0.1756). A repeated mea-

sures ANOVA on daily fecundity indicated significant

variation over time (F9,576 = 10.8, P < 0.0001). Further-

more, a significant interaction between time and pupal

temperature treatment indicates differential oviposition

patterns over time, caused by a much higher early

fecundity in the group exposed for 2 h to 39 °C

(Fig. 2). Likewise, egg hatching success was not affected

by pupal temperature treatment (F2,77 = 1.9,

P = 0.1533). Longevity was significantly affected

by temperature (F2,146 = 4.6, P = 0.0115) and sex

(F1,146 = 26.0, P < 0.0001). Butterflies exposed as

pupae to 39 °C had a shorter longevity than those

exposed to 27 °C or 1 °C (39 °C: 21.0 � 1.7

days < 27 °C: 27.1 � 1.2 days = 1 °C: 26.7 � 1.6 days;

Tukey HSD), and males lived longer than females

(29.5 � 1.3 days > 20.4 � 1.2 days).

Heat tolerance (group B)

Heat survival rates increased with increasing hardening

temperature (39 °C: 63% > 27 °C: 27% > 1 °C: 22%;

Wald v
2
= 71.0, P < 0.0001), and was higher in females

than in males (44% > 23%; Wald v
2
= 28.7,

P < 0.0001). There was, in contrast, no significant effect

of inbreeding level (Wald v
2
= 4.7, P = 0.0935; Fig. 1d),

and all interactions were nonsignificant (all P-values

> 0.25). Adding pupal mass as covariate (Wald

v
2
= 26.6, P < 0.0001) to the above analysis reveals

that sex differences in heat tolerance are causally

related to mass differences, that is, females are more

heat tolerant due to their higher mass (sex effect: Wald

v
2
= 0.6, P = 0.4313). All other factors remained quali-

tatively unaffected.

Body mass, protein and fat content and immune

parameters (group C)

Of the eight traits measured only fat content was signifi-

cantly affected by inbreeding level, being higher in con-

trol compared to inbred individuals (C: 34.8% > I1:

30.4% = I2: 30.3%; Tukey HSD; Table 3; Fig. 1e–l).

Note that there is a tendency that inbreeding reduces

thorax mass. (C: 20.0 � 0.3 mg, I1: 19.5 � 0.3 mg, I2:

19.5 � 0.4 mg). Inbreeding was involved in three

significant interactions. First, while in males thorax mass

decreased with increasing inbreeding level (C:

17.22 � 0.24 mg > I1: 16.60 � 0.26 mg > I2: 15.97 mg

> 0.30 mg), it was highest in the I2 group in females

(I2: 23.11 � 0.33 mg > C 22.97 � 0.40 mg > I1: 22.31

� 0.35 mg; significant inbreeding level by sex interac-

tion). Second, PO activity was in general very similar

across inbreeding levels and temperatures, accept for

somewhat lower values for the C and I2 groups at 1 °C

(significant inbreeding level by temperature interaction;

Fig. 1j). Third, a significant inbreeding level by tempera-

ture interaction resulted from a strong decrease in

lysozyme activity with inbreeding in the animals exposed

to 1 °C, while at the other temperatures lysozyme

activity remained unaffected by inbreeding (Fig. 1l).

Temperature treatment significantly affected body

mass, thorax mass, abdomen mass, PO activity and hae-

mocyte numbers, but not fat content, protein content

and lysozyme activity (Table 3; Fig. 1e–l). Body mass

(1 °C: 54.7 � 1.3 mg = 27 °C: 52.6 � 1.2 mg > 39 °C:

50.3 � 1.3 mg), thorax mass (1 °C: 20.3 � 0.4 mg

= 27 °C 19.8 � 0.4 mg > 39 °C: 18.8 � 0.4 mg)

and abdomen mass (1 °C: 24.1 � 0.9 mg > 27 °C:

22.7 � 0.8 mg = 39 °C: 21.5 � 0.8 mg) significantly

decreased with increasing temperature. Haemocyte

numbers were also higher at 1 °C than at 27 and 34 °C

(1 °C: 113.5 � 5.4 > 27 °C: 80.7 � 3.9 = 39 °C:

80.4 � 4.3), while PO activity tended to increase with

increasing temperature (1 °C: 39.6 � 1.9 = 27 °C:

43.3 � 1.6 = 39 °C: 44.2 � 1.6; Tukey HSD n.s.).

Sex significantly affected all traits except protein con-

tent and PO activity (Table 3). Males compared to

females had a lower body mass (40.7 � 0.4 mg <

64.5 � 0.7 mg), thorax mass (16.6 � 0.2 mg < 22.8

� 0.2 mg), and abdomen mass (14.8 � 0.2 < 30.9

� 0.4 mg) and protein content (0.3275 � 0.01 mg/

mL < 0.3282 � 0.01 mg/mL), but a higher fat content

(45.0 � 1.1% > 18.4 � 0.5%). Regarding immune

parameters, females compared to males showed a lower

lysozyme activity (0.24 � 0.01 mOD/mL < 0.43 �

0.01 mOD/mL) and lower haemocyte numbers

(86.6 � 3.7 < 95.7 � 4.0).

Our phenotypic correlation analyses based on all

individuals revealed significant correlations in the

majority of cases (Table 4). A notable exception was

haemocyte number, which was not or only weakly

related to other traits. Furthermore, PO activity and
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protein content were not significantly correlated. As

expected strong and positive correlations were found

between body, thorax and abdomen mass. Another

striking pattern was that fat content was negatively

related to all traits except lysozyme activity (and hae-

mocyte number, see above). Thus, individuals with rel-

atively more storage reserves were smaller and had

reduced protein content and PO activity, but higher

lysozyme activity. Protein content was positively related

to body mass. Finally, PO activity was positively but

lysozyme activity negatively related to body mass,

while both immune parameters were negatively corre-

lated with each other. As expected partial correlations

yielded partly different patterns, being significant in 11

of 28 cases only (Table 4). Here, haemocyte numbers

were significantly negatively related to thorax mass,

but positively to protein content. Thorax and abdomen

mass were significantly negatively correlated. Fat was

still significantly negatively related to abdomen mass

and PO activity, but positively to lysozyme activity and

thorax mass. Finally, abdomen mass was significantly

negatively related to PO and lysozyme activity.

Discussion

Inbreeding depression and its interactions with

environmental stress

Despite using relatively low levels of inbreeding (1–2

full-sib matings) compared with other studies, which

should be ecologically more realistic (Dierks et al.,

2012a,b), we found clear indications of inbreeding

depression. Egg hatching success was most strongly

affected, being reduced by 75% and 35% in the I2 and

I1 group respectively. The fact that egg hatching success

is especially sensitive to inbreeding is in agreement

with other studies on insects including B. anynana

(Saccheri et al., 1996, 2005; Dierks et al., 2012a).

Fecundity was also substantially reduced in inbred

females, although in the I2 group only (by 38%). Fur-

thermore, increasing levels of inbreeding reduced pupal

mass, thorax mass (in males only), and abdomen fat

content, and prolonged pupal development time. These

findings are in broad agreement with others and docu-

ment that typically a large array of traits is negatively

affected by inbreeding (e.g. Pedersen et al., 2005; Rant-

ala & Roff, 2007; Mikkelsen et al., 2010; Dierks et al.,

2012a). The strongest inbreeding effects were found for

Table 3 Results of three-way AN(C)OVAs for the effects inbreeding

level, temperature treatment, and sex on body mass, thorax mass,

abdomen mass, fat content, protein content, phenoloxidase

activity, haemocyte number and lysozyme activity in the butterfly

Bicyclus anynana. Covariates were added as appropriate. Minimum

adequate models were constructed by sequentially removing

nonsignificant interaction terms if P � 0.10. Significant P-values

are given in bold. MS: Mean Squares

MS d.f. F P

Body mass

Inbreeding level 57.2 2 1.1 0.3227

Temperature 585.2 2 11.6 0.0001

Sex 51115.5 1 1014.1 <0.0001

Error 50.4 354

Thorax mass

Inbreeding level 14.3 2 2.6 0.0805

Temperature 68.9 2 12.3 0.0001

Sex 3451.5 1 613.6 <0.0001

Inbr. level*Sex 19.9 2 3.6 0.0298

Error 5.6 352

Abdomen mass

Inbreeding level 23.9 2 1.4 0.2430

Temperature 211.3 2 12.6 0.0001

Sex 23362.3 1 1391.2 <0.0001

Error 16.8 354

Fat content

Inbreeding level 365.5 2 3.7 0.0268

Temperature 39.2 2 0.4 0.6758

Sex 28642.8 1 287.1 <0.0001

Body mass 3323.6 1 <0.0001

Error 99.8 303

Protein content

Inbreeding level 1*10�7 2 0.1 0.9660

Temperature 3*10�6 2 0.5 0.6087

Sex 4*10�6 1 0.1 0.7919

Body mass 9*10�6 1 3.0 0.0819

Inbr. level*Temp. 8*10�6 4 0.7 0.5977

Inbr. level*Sex 3*10�7 2 0.1 0.9633

Temp.*Sex 7*10�6 2 1.2 0.3161

Three-way interaction 3*10�5 4 2.3 0.0591

Error 1*10�3 341

Phenoloxidase activity

Inbreeding level 5465.2 2 0.8 0.4297

Temperature 237.6 2 4.5 0.0119

Sex 130.6 1 0.5 0.4956

Inbr. level*Temp. 757.0 4 2.7 0.0307

Temp.*Sex 836.0 2 3.0 0.0521

Protein 5224.9 1 18.6 0.0001

Body mass 4988.5 1 17.8 0.0001

Error 280.6 346

Haemocyte number

Inbreeding level 0.061 2 1.0 0.3598

Temperature 0.669 2 11.2 <0.0001

Sex 0.757 1 12.7 <0.0001

Body mass 0.534 1 8.9 0.0030

Error 0.059 350

Lysozyme activity

Inbreeding level 0.026 2 1.7 0.1783

Temperature 0.022 2 1.5 0.2197

Sex 0.309 1 21.0 <0.0001

Table 3 (Continued)

MS d.f. F P

Inbr. level*Temp. 0.038 4 2.6 0.0370

Temp.*Sex 0.035 2 2.3 0.0977

Body mass 0.146 1 9.9 0.0018

Error 0.015 329
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reproductive traits (Pedersen et al., 2005; Rantala &

Roff, 2007; Mikkelsen, 2010; Dierks et al., 2012a),

while effects on body mass were relatively weak. The

latter effects were much more pronounced in the pupal

compared with the adult stage. We have no explana-

tion for this, although perhaps a larger fraction of the

pupal energy reserves was used by inbred individuals to

reach a similar adult mass compared with control ani-

mals.

Interestingly, however, neither longevity, protein

content, heat tolerance nor immune function was

affected by inbreeding. Regarding heat tolerance, other

studies yielded inconclusive evidence, reporting either

no or negative effects of inbreeding (Dahlgaard & Loes-

chcke, 1997; Pedersen et al., 2005; Mikkelsen, 2010;

Dierks et al., 2012a,b). As stress imposed by inbreeding

may up-regulate heat shock protein expression (Peder-

sen et al., 2005), any potential negative inbreeding

effects on heat tolerance may be offset by the heat

shock response, which may explain the divergent

results. With respect to immune parameters Drayton &

Jennions (2011) found in crickets no effect of inbreed-

ing on lysozyme-like activity, and a positive one on

haemocyte numbers, while Rantala & Roff (2007)

report a lower encapsulation response in inbred lines of

Epirrita autumnata. Thus, no firm conclusions regarding

the general effects of inbreeding on insect immune

function can be drawn yet, and future experiments

may need to measure induced immune responses

rather than constitutively expressed parameters (Rant-

ala & Roff, 2007).

Anyway, the lack of inbreeding effects on stress resis-

tance traits (heat tolerance and immune function) in

combination with the absence of any meaningful

inbreeding by temperature treatment interactions sug-

gest that inbred B. anynana butterflies were not more

susceptible to environmental stress compared to control

butterflies, at least not at the conditions used here.

Otherwise, the differences between control and inbred

groups should have become more pronounced after

exposure to stressful conditions (here high and low

temperature), which was not the case with perhaps one

exception. Lysozyme activity was much higher in the

control compared with both inbred groups after expo-

sure to 1 °C. However, no such difference was found at

the other temperatures, including the certainly not less

stressful temperature of 39 °C. To sum up, although

our results provide clear evidence for inbreeding

depression following relatively low levels of inbreeding,

we found no support for the hypothesis that inbred

individuals are more sensitive to environmental stress

than outbred ones (Armbruster & Reed, 2005; Fox &

Reed, 2010).

Effects of thermal stress

Two hours of exposure to different temperatures signifi-

cantly affected heat tolerance, longevity, fecundity, egg

hatching success, body mass, PO activity and haemo-

cyte numbers, while fat content, protein content and

lysozyme activity remained unaffected. The increase in

heat tolerance after exposure to a high temperature

and vice versa reflects a well-known pattern of adaptive

phenotypic plasticity, being generally found in insects

(Marais et al., 2009; Fischer & Karl, 2010). The general

decrease in body mass with increasing temperature

likely reflects a higher water loss at higher tempera-

tures. Note that animals had no access to water during

temperature exposure, that protein and fat content

were not affected by temperature, and that fresh weight

was measured. In addition, higher metabolic rates and

activity levels at higher compared with lower tempera-

tures may have contributed to the temperature differ-

ences (Kingsolver & Woods, 1997; Clarke & Fraser,

2004). The lack of effects on relative fat and protein

content is probably caused by the rather short exposure

time to different temperatures.

Fecundity was much reduced by a 2 h exposure to

cold as well as hot temperatures. This pattern was lar-

gely mediated by parallel effects on adult lifespan. Det-

rimental effects of extreme temperatures on longevity

may be caused by either direct damage or by indirect

Table 4 Pearson correlation matrix for eight traits of the butterfly Bicyclus anynana. Given are correlation coefficients and P-values (r/P)

for phenotypic (top right) and partial (bottom left) correlations across treatment groups.

Body mass Tho. mass Abd. mass Fat% Protein

Phenoloxidase

activity Haemocytes Lysozymes

Body mass 0.958/0.001 0.968/0.001 �0.556/0.001 0.275/0.001 0.448/0.001 0.077/0.188 �0.606/0.001

Thorax mass 0.760/0.001 0.900/0.001 �0.464/0.001 0.241/0.001 0.453/0.001 0.134/0.022 �0.530/0.001

Abdomen mass 0.779/0.001 �0.248/0.001 �0.622/0.001 0.287/0.001 0.413/0.001 0.050/0.400 �0.643/0.001

Fat% �0.299/0.062 0.133/0.025 �0.318/0.001 �0.226/0.001 �0.354/0.001 0.091/0.123 0.496/0.001

Protein 0.339/0.057 �0.056/0.350 0.0288/0.637 �0.095/0.110 0.280/0.635 0.125/0.033 �0.176/0.03

Phenoloxidase

activity

0.121/0.092 0.090/0.128 �0.118/0.047 �0.215/0.001 �0.114/0.057 0.020/0.740 �0.250/0.001

Haemocytes �0.083/0.161 0.175/0.003 0.003/0.967 0.112/0.059 0.136/0.022 �0.002/0.980 �0.006/0.925

Lysozymes �0.055/0.358 0.106/0.073 �0.170/0.004 0.131/0.027 0.031/0.605 0.026/0.661 �0.016/0.784
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consequences of changes in resource allocation, for

example, an increased allocation towards stress

responses such as the heat shock response (Scott et al.,

1997; Sørensen & Loeschcke, 2002). The higher tem-

perature also reduced longevity when applied in the

pupal stage, while leaving fecundity and egg hatching

success largely unaffected. Thus, temperature stress did

interfere with development, but not with reproduction,

which can be explained by the fact that B. anynana is

an income breeder in which egg development does not

start before the adult stage (Fischer et al., 2004). The

above findings confirm that the temperature treatments

used evidently imposed stress on the butterflies.

Two of the immune parameters, haemocyte number

and PO activity, were affected by temperature regime.

Haemocyte numbers were higher after exposure to 1 °C

compared to 27 or 39 °C, while PO activity weakly

tended to increase with temperature. Karl et al. (2011)

showed that increasing temperatures decrease haemo-

cyte numbers and PO activity, although a clear indica-

tion for a decrease in PO activity was found under food

limitation only, which was not applied here. Also, the

different temperatures (10, 27, 34 °C) were applied for

longer periods of time (24 h). Thus, we speculate that

high temperatures are generally detrimental for the

immune system of B. anynana, owing to resource allo-

cation trade-offs, effects which may only be visible at

limited food access and when exposure times are long

enough (cf. Drayton & Jennions, 2011).

Sexual differences

Sexual differences in body mass and fat content were

as known before, with females being larger and males

having a higher relative fat content (Fischer et al.,

2003, 2004). Although the former can be explained by

fecundity selection, the latter pattern is enigmatic and

might be related to the higher need for energy stores to

fuel the high male flight activity during mate location

(Zera et al., 1998; Roff, 2002; Fischer et al., 2003). Heat

survival was higher in females than in males, a pattern

which was not always found in earlier studies (Dierks

et al., 2012a). In general, males and females seem to

be equally temperature stress resistant in B. anynana

(Fischer et al., 2010). In the current study, however,

the females’ higher heat tolerance was probably medi-

ated by their higher body mass. Males tended to live

longer than females, a pattern which was also found in

other studies on B. anynana (e.g. Pijpe et al., 2006).

Interestingly, two of three immune parameters

showed sexual differences. Although sex differences in

immune function are not generally found (e.g. Rantala

& Roff, 2005), costs and benefits of disease resistance

may differ between males and females owing to their

different reproductive strategies (Lindsey & Altizer,

2009). Females are often predicted to invest more into

immune function than males to increase longevity and

thereby reproductive output (Schwartz & Koella, 2004).

In B. anynana, however, lysozyme activity and haemo-

cyte numbers were higher in males. The increased lyso-

zyme activity in males may be related to their higher

relative fat content, as the fat body is the place of lyso-

zyme synthesis (Dunn, 1985). Certainly, more data are

needed before more general conclusions regarding sex-

ual differences in the insect immune response can be

drawn.

Correlation analyses and potential resource

allocation trade-offs

Obviously, our correlation analyses can only give some

first indications for potential trade-offs. Interestingly,

haemocyte number was not or only weakly related to

other traits, indicating that this parameter operates lar-

gely independent of others. Although the positive cor-

relation between fat content and lysozyme activity

most likely reflects the fact that the fat body is the

place of lysozyme synthesis (Dunn, 1985), the (mostly)

negative correlations between fat content and other

traits may reflect resource allocation trade-offs. Thus,

heavier individuals, having a high PO activity and pro-

tein content, may have less storage reserves left. The

negative correlation between PO and lysozyme activity

suggests a resource allocation trade-off between these

two important immune parameters (cf. Moret & Siva-

Jothy, 2003; Cotter et al., 2004). Such patterns support

the notion that the maintenance and deployment of an

efficient immune response is costly and shifts away

resources from other functions including other compo-

nents of the immune system (Lindsey & Altizer, 2009).

Conclusions

Our results show that ecologically relevant levels of

inbreeding cause inbreeding depression in several traits,

with strongest effects being found in egg hatching suc-

cess. However, stress resistance traits (heat tolerance,

immune function) were not affected by inbreeding, and

detrimental effects of inbreeding were not more pro-

nounced after short-time exposure to environmental

stress. Thus, we found no support for the hypothesis

that inbred individuals are more sensitive to environ-

mental stress than outbred ones, even though our

temperature treatments evidently imposed stress. We

suspect that such effects are restricted to situations in

which the animals experienced stressful conditions

prior to testing for longer periods of time (Dahlgaard &

Loeschcke, 1997) or which involve higher levels of

inbreeding. Our study further highlights gaps in our

current knowledge within the emerging field of ecologi-

cal immunity (cf. Gonzalez-Santoyo & Cordoba-Aguilar,

2012). Specifically, more data are needed on the effects

of inbreeding, temperature variation and sexual differ-

ences on insect immune function before more general
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conclusions can be drawn. Such studies will likely ben-

efit from considering induced along with constitutive

levels of immune parameters.
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Directional selection on cold tolerance does not
constrain plastic capacity in a butterfly
Kristin Franke, Anneke Dierks and Klaus Fischer*

Abstract

Background: Organisms may respond to environmental change by means of genetic adaptation, phenotypic

plasticity or both, which may result in genotype-environment interactions (G x E) if genotypes differ in their

phenotypic response. We here specifically target the latter source of variation (i.e. G x E) by comparing plastic

responses among lines of the tropical butterfly Bicyclus anynana that had been selected for increased cold

tolerance and according controls. Our main aim here was to test the hypothesis that directional selection on cold

tolerance will interfere with plastic capacities.

Results: Plastic responses to temperature and feeding treatments were strong, with e.g. higher compared to lower

temperatures reducing cold tolerance, longevity, pupal mass, and development time. We report a number of

statistically significant genotype-environment interactions (i.e. interactions between selection regime and

environmental variables), but most of these were not consistent across treatment groups. We found some evidence

though for larger plastic responses to different rearing temperatures in the selection compared to the control lines,

while plastic responses to different adult temperatures and feeding treatments were overall very similar across

selection regimes.

Conclusion: Our results indicate that plastic capacities are not always constrained by directional selection (on cold

tolerance) and therefore genetic changes in trait means, but may operate independently.

Keywords: Artificial selection, Bicyclus anynana, Constraint, Genetic adaptation, Genotype by environment interaction,

Phenotypic plasticity, Temperature stress resistance

Background
Temperature is considered one of the most important

selective agents, and consequently research on tem-

perature stress resistance has attracted much interest

over recent decades [1-5]. Temperature-stress resistance

refers to an organism’s ability to cope with stressfully

high or low temperatures, and is considered a key factor

for explaining the distribution and abundance of species

[6,7]. Enhanced resistance to temperature stress can

be reached by means of phenotypic plasticity, i.e. non-

genetic physiological changes as a direct response to

environmental variation, or genetic adaptation [5,8].

Genetic variation in temperature stress resistance has

been commonly reported in natural systems, with e.g.

tropical species showing a higher heat but a lower cold

tolerance than temperate-zone species and vice versa

[1,3,4,6,7,9-13]. Likewise, high-altitude populations typic-

ally show a lower heat but a higher cold tolerance than

low-altitude populations [14]. Such geographic variation

in fitness-related traits provides strong evidence that

these patterns have been shaped by natural selection

[14,15]. Several species are also known to respond readily

to artificial selection on thermal tolerance traits, provid-

ing direct experimental proof for genetic adaptation in

temperature stress resistance (e.g. [2,16,17]).

In addition to genetic adaptation, phenotypic plasticity

provides a further efficient mechanism to cope with

temperature variation [18]. We here define phenotypic

plasticity as the set of different phenotypes that may be

produced by a single genotype in direct response to differ-

ent environmental conditions [8]. Plastic responses can be

induced during development (developmental plasticity) or

in the adult stage (adult acclimation; [5,19,20]), and bene-

ficial effects of a brief exposure to less extreme tempera-

tures are referred to as rapid hardening [1,21,22]. Studies
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on plastic responses in temperature stress resistance

revealed that cooler rearing or adult temperatures increase

cold but decrease heat resistance and vice versa, compris-

ing a near universal pattern of putatively adaptive pheno-

typic plasticity [1,6,23]. For instance, groups of a tropical

butterfly reared in a common environment, but being

exposed for two days to either 20°C or 27°C in the adult

stage, differed subsequently by a factor 2–3 in heat toler-

ance [23]. Thus, plastic changes in thermal tolerance may

be induced within short periods of time, and are highly ef-

fective means to deal with temperature variation.

Both genetic variation and phenotypic plasticity may

finally interact with one another, resulting in genotype-

environment interactions (G x E). We here use G x E to

refer to different degrees by which individual genotypes

are able to respond to environmental variation [24].

Consequently, a significant G x E demonstrates that

some genotypes are more plastic than others [14]. Quan-

tifying such variation is consequently used to explore

genetic variation in phenotypic plasticity [25-28]. G x E

has been reported for e.g. insect growth and develop-

ment, fecundity, and immune function [29,30], and is

considered to contribute substantially to the mainten-

ance of the genetic variation of traits [31,32]. Although

interactions between genotypes and environmental con-

ditions may thus represent a significant source of vari-

ation, our respective knowledge is still fairly limited.

Against this background we here investigate G x E in

control and selection lines of the tropical nymphalid

butterfly Bicyclus anynana (Butler, 1879). This species is

known to respond readily to temperature manipulations

by phenotypic plasticity in temperature stress resistance

as well as in an array of other traits [20,23]. Different

genotypes of B. anynana had been previously produced

by applying artificial selection to chill-coma recovery

time, yielding highly divergent lines [17]. Chill-coma re-

covery time is the time an individual needs to regain

mobility after cold exposure, and is considered a reliable

proxy of climatic cold adaptation [6,23,32,33]. This trait

is furthermore known to respond readily to selection as

well as to ambient temperatures [2,16,23,34]. We thus

exploit the genetic variation generated through artificial

selection to investigate whether genotypes substantially

varying in cold tolerance respond differentially to envir-

onmental manipulations. This explicit focus on G x E

contrasts with earlier studies from our group investigat-

ing responses and correlated responses to selection [34],

effects of selection in the adult stage throughout the life

cycle [35], environmental effects on cold tolerance [19],

or effects of inbreeding [17]. Specifically we here test the

hypotheses that lines selected for increased cold toler-

ance show reduced plastic responses in cold tolerance

(and possibly further traits) compared to control lines.

This expectation rests on the assumption that the cold-

tolerant lines should benefit less from strong plastic

responses in case of critically low temperatures com-

pared to control lines. Further, trait values may already

be close to their physiologically determined maximum,

constraining further plastic increases.

In order to induce plastic responses we exposed selec-

tion and control lines to different rearing and acclima-

tion temperatures as well as to different feeding regimes,

and measured the respective effects on cold tolerance

and additionally on development and longevity. Some of

the concomitant effects reported here are hardly novel,

though including environmental manipulations is evi-

dently necessary to investigate G x E. Furthermore this

enables us to test a number of additional hypotheses,

namely that higher temperatures are predicted to speed

up development and to reduce pupal mass, longevity,

and cold tolerance [5,20,36,37]. A period of starvation is,

based on earlier results, predicted to reduce longevity

but to leave cold tolerance unaffected ([23,36,37]; see

Table 1 for specific hypotheses).

As the initial design of the selection experiment

included inbreeding as a factor, we furthermore consider

effects of inbreeding in our study. However, based on the

fact that the lines were allowed to mate randomly after the

different inbreeding levels had been established, no effects

of inbreeding are expected anymore (see further below).

Selection regime is, based on previous results, also

expected to yield no effects on traits other than cold toler-

ance [34]. We finally include sex as a factor in our ana-

lyses, predicting that females show a slower larval but a

faster pupal development, a higher pupal mass, and a

higher longevity compared to males ([23], Table 1).

Methods
Study organism

Bicyclus anynana (Butler 1897; Nymphalidae, Satyrinae)

is a tropical fruit-feeding butterfly, ranging from southern

Africa to Ethiopia [38]. The species inhabits regions with

alternating dry and wet seasons, and shows accordingly

two seasonal morphs. During the colder dry season (ca.

18°C, May until November) the species has rather uniform

wing patterns and small eyespots, while it exhibits large

eyespots and bright bands on both wings in the warmer

wet season (ca. 23°C, December until April; [39]). During

the dry season reproduction ceases and butterflies do not

mate before the onset of the next wet season [29]. Females

are relatively monandrous, though multiple mating occurs

in the field and in the laboratory [40]. A stock population

of B. anynana was founded at Greifswald University in

2007 from several hundred individuals derived from a

well-established stock population at Leiden University,

The Netherlands. The latter was founded in 1988 from

over 80 gravid females collected at a single locality in

Nkhata Bay, Malawi. To maintain high levels of
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heterozygosity several hundred adults are reared in each

generation [41]. For this experiment animals from the

Greifswald stock population were used.

Experimental design

We here used 12 selection lines that had been previously

established at the Department of Animal Ecology, Greifs-

wald University [34,35]. Selection lines for increased cold

stress resistance (shorter chill-coma recovery times) and

according unselected controls had been derived from

three different levels of inbreeding, using a full-sib breed-

ing design: outbred controls (C) having resulted from mat-

ings between unrelated butterflies, inbreeding 1 (I1)

having resulted from matings between full sibs, and

inbreeding 2 (I2) having resulted from matings between

full sibs in two consecutive generations. We used ca. 120

full-sib families each for inbreeding levels C, I1, and I2

[34]. At the start of the selection experiment though

butterflies were pooled across families within inbreeding

levels. Thus, during the course of the selection experiment

(10 generations) mating was random within lines. Per

inbreeding level, four lines were set up, two for increased

cold stress resistance and two unselected controls. This

design resulted in a total of 6 selection and 6 control lines

(for details see [17,34]). Lines had been kept without selec-

tion under standard rearing conditions for 4 generations

prior to this experiment. Several hundred butterflies were

reared per line in each generation. For the current experi-

ment eggs were collected from all 12 lines. Eggs were

thereafter randomly divided among a low (20°C) and a

high (27°C) rearing temperature (70 ± 5% relative humid-

ity and photoperiod of L12:D12 throughout). The two

temperatures chosen are similar to the ones this species

experiences during the wet and dry season in the field, re-

spectively [29]. Larvae were reared in sleeve-like gauze

cages, using 10 replicate cages per line and rearing

temperature (resulting in a total of 240 cages), and a

standard density of 20 (20°C) and 40 (27°C) larvae per

cage, respectively. The higher density per cage at 27°C was

due to the need for more individuals at this temperature

(see below). Care was taken though that developing larvae

were never exposed to any food shortage, being fed on

young maize plants ad libitum throughout. Resulting

pupae were collected daily, weighed one day after pupa-

tion, and were then individually transferred to small plas-

tic cups (volume 125 ml). For all animals we scored larval

time (from egg-laying until pupation, thus including egg

development), pupal time (from pupation until adult eclo-

sion), larval growth rate (ln pupal mass/larval time), and

pupal mass (measured on day 2 after pupation).

Following adult eclosion, all butterflies were marked

individually and afterwards once again randomly divided

among 20°C and 27°C, resulting in four rearing by adult

temperature groups per selection line (20-20°C, 20-27°C,

27-20°C, 27-27°C). While the butterflies reared at 27°C

were a last time divided among two feeding treatments,

being fed with banana (control) or water only (starva-

tion), all animals reared at 20°C were fed with banana ad

libitum (to keep the size of the experiment manageable).

On day two after eclosion, we tested 24–52 individuals

per sex, treatment group and line for chill-coma recov-

ery time, resulting in a total number of 4772 butterflies.

Therefore, all butterflies were transferred individually to

plastic cups (125 ml), arranged on a tray in a rando-

mized block design, and then exposed to 1°C for 19 h to

induce a chill coma. Recovery time (the time until the

butterflies were able to stand up) was scored in a climate

cell at 20°C. Observations were terminated after 60 minutes.

Butterflies that had not recovered by then were given

the maximal recovery time of 60 minutes. This applied

to < 5% of the butterflies tested.

Thus, we used the same technique for measuring chill-

coma recovery time as during selection [35]. This trait is

considered a reliable proxy of climatic cold adaptation,

is largely independent of the method used to induce a

chill coma, and has been used successfully in B. anynana

Table 1 Hypotheses for the main effects of several factors on larval time, pupal time, larval growth rate, pupal mass,

chill-coma recovery time, and longevity

Traits Factors

Selection regime Inbreeding Rearing temperature Sex Adult temperature Feeding regime

Larval time No No 20°C > 27°C Females > Males - -

Pupal time No No 20°C > 27°C Males > Females - -

Growth rate No No 27°C > 20°C Males > Females - -

Pupal mass No No 20°C > 27°C Females > Males - -

Chill-coma recovery
time

Controls > Selected Lines No 27°C > 20°C No 27°C > 20°C No

Longevity No No 20°C > 27°C Females > Males 20°C > 27°C Control > Starvation

The hypotheses stated rest on prior results mainly obtained from B. anynana. Selection for increased cold tolerance is expected to have no effect on any trait

other than chill-coma recovery time, as no correlated responses to selection were found in a previous study [34]. No inbreeding effects are expected here due to

random mating for 14 generations after full-sib matings and thus prior to scoring trait values. Hypotheses regarding temperature, sex and feeding effects are all

straight-forward and rest on previous results [e.g. 5,17,20,23,34,36,37]. ‘-‘: Not tested.
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before [24]. To afterwards score longevity the butterflies

reared at 20°C were returned to their respective adult

temperatures and fed ad libitum, while the butterflies

reared at 27°C were all transferred to 27°C (due to space

limitations) and fed as outlined above until death.

Statistical analyses

Data on larval time, pupal time, pupal mass, growth rate,

chill coma recovery time, and longevity were analyzed

with mixed model analyses of variance (ANOVAs), with

selection regime (selection vs. control), level of inbreeding

(C, I1, I2), rearing temperature (20 vs. 27°C), adult

temperature (20 vs. 27°C), adult feeding regime (control

vs. starvation, for animals reared at 27°C only), and/or sex

as fixed factors. Replicate line was nested within selection

regime and inbreeding level, and replicate cage was nested

within replicate line, inbreeding level and selection regime.

Both latter factors were included as random effects. Mini-

mum adequate models were constructed by sequentially

removing non-significant interaction terms. Due to differ-

ences in the experimental set-up across rearing tempera-

tures (see above), three different analyses were run for

chill-coma recovery time and longevity. For chill-coma re-

covery time we analyzed all individuals together (note that

effects of adult feeding regime were non-significant) and

separated by rearing temperature, as different adult feed-

ing regimes were only applied to animals reared at 27°C.

For longevity, effects of rearing temperature were analyzed

in animals fed ad libitum and kept as adults at 27°C,

effects of adult temperature were analyzed in animals

reared at 20°C (as only in these different adult tempera-

tures were used throughout), and effects of adult feeding

regime were analyzed in animals reared at 27°C (as only in

these different adult feeding regimes were applied). Sig-

nificant differences between inbreeding levels were located

using Tukey’s HSD posthoc test. When presenting the

statistical results we start with the main effects and con-

tinue with interactions, which can be problematic in case

of strong interactive effects. Therefore, main effects are

interpreted cautiously in case of significant interactions.

All statistical tests were performed by using JMP (4.0.0) or

Statistica (6.1). Throughout, all means are given ± 1 SE.

Results
Larval time

Larval time was significantly affected by rearing temperature,

sex, replicate line and replicate cage, but not by selection

regime and inbreeding level (Table 2A). Larval time was

much longer at the lower compared to the higher rearing

temperature (50.6 ± 0.06 d > 27.4 ± 0.05 d; Figure 1A),

and was longer in females than in males (40.2 ± 0.06 d >

37.8 ± 0.05 d). The absolute difference in larval time be-

tween males and females was smaller at 27°C (26.4 ± 0.06

d vs. 28.3 ± 0.07 d) than at 20°C (49.2 ± 0.09 d vs. 52.0 ±

0.09 d), as indicated by the significant rearing temperature

by sex interaction. The sexual difference was particularly

small in the unselected controls reared at 27°C (significant

selection regime * rearing temperature * sex interaction;

Figure 1B). The significant interaction between selection

regime and rearing temperature reveals a significantly

longer larval time in control than in selection lines at 20°C

(51.0 ± 0.09 d > 50.2 ± 0.09 d), which was not the case at

27°C (27.5 ± 0.06 d = 27.3 ± 0.07 d; Tukey HSD). At the

higher rearing temperature, larval time was longer in the

control compared to the inbred groups (C: 28.0 ± 0.08 d >

I1: 27.1 ± 0.08 d = I2: 27.1 ± 0.08 d), while there were no

significant differences at 20°C (C: 50.5 ± 0.1 d = I1: 50.3 ±

0.1 d = I2: 50.9 ± 0.1 d; Tukey HSD; significant inbreeding

level * rearing temperature interaction). Both above pat-

terns though were not consistent across all groups (signifi-

cant selection regime * inbreeding level * rearing

temperature interaction; Figure 1A).

Pupal time

Pupal time was significantly influenced by rearing

temperature, sex, replicate cage and replicate line, but not

by selection regime and inbreeding level (Table 2B). Pupal

time was longer at the lower compared to the higher rear-

ing temperature (11.9 ± 0.02 d > 7.0 ± 0.01 d), and was

longer in males than in females (9.7 ± 0.02 d > 9.2 ± 0.02

d). A significant rearing temperature by sex interaction

indicates that sexual differences were slightly more pro-

nounced at 27°C (7.4 ± 0.02 d > 6.7 ± 0.02 d) than at 20°C

(12.1 ± 0.03 d > 11.6 ± 0.03 d; Figure 1C). At the higher

rearing temperature, pupal time increased with increasing

inbreeding level (C: 6.8 ± 0.02 d < I1: 7.1 ± 0.02 d < I2: 7.2

± 0.02 d), while at the lower rearing temperature inbreed-

ing level had no significant effect (C: 11.9 ± 0.03 d = I1:

11.9 ± 0.03 d = I2: 11.8 ± 0.03 d; Tukey HSD; significant

inbreeding level * rearing temperature interaction). Fur-

thermore, inbreeding effects on pupal time were more

pronounced in males (C: 9.6 ± 0.03 d < I1: 9.8 ± 0.03 d =

I2: 9.8 ± 0.03 d) than in females (C: 9.1 ± 0.03 d = I1: 9.2

± 0.03 d = I2: 9.2 ± 0.03 d; Tukey HSD; significant

inbreeding level * sex interaction). Consequently, inbreed-

ing effects were largely restricted to males reared at 27°C

(significant inbreeding level * rearing temperature * sex

interaction; Figure 1C). The significant interaction be-

tween selection regime, inbreeding level and rearing

temperature indicates that differences between selection

and control lines were basically limited to the outbred

control group when reared at 27°C (Figure 1D).

Growth rate

Growth rate was also significantly affected by rearing

temperature, sex, replicate line and replicate cage, but not

by selection regime and inbreeding level (Table 2C).

Growth rate was higher at the higher compared to the
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Table 2 Results of nested ANOVAs for larval time (A),

pupal time (B), larval growth rate (C) and pupal mass (D)

A) Larval time DF MS F P

Selection Regime 1,6 205.6 1.0 0.3453

Inbreeding Level 2,6 87.2 0.4 0.6614

Replicate Line [Sel. Reg.
& Inbr.]

6,110 216.0 9.4 <0.0001

Repl. Cage [Sel., Inbr.
& Repl.]

108,4640 23.5 3.8 <0.0001

Rearing Temperature 1,4640 565906.0 90265.2 <0.0001

Sex 1,4640 5780.5 922.0 <0.0001

Selection Reg. * Inbreeding
Level

2,6 236.5 1.2 0.3635

Selection Reg. * Rearing Temp. 1,4640 107.4 17.1 <0.0001

Selection Reg. * Sex 1,4640 11.2 1.8 0.1819

Inbreeding Level * Rearing
Temp.

2,4640 139.2 22.2 <0.0001

Inbreeding Level * Sex 2,4640 14.4 2.3 0.1007

Rearing Temp. * Sex 1,4640 219.6 35.0 <0.0001

Sel. Reg. * Inbreed. * Rear.
Temp.

2,4640 49.9 8.0 0.0004

Sel. Reg. * Rearing Temp.
* Sex

1,4640 25.0 25.0 0.0457

Error 4640 6.3

B) Pupal time DF MS F P

Selection Regime 1,6 1.4 0.1 0.7627

Inbreeding Level 2,6 9.2 0.6 0.5567

Replicate Line [Sel. Reg.
& Inbr.]

6,111 15.6 11.7 <0.0001

Repl. Cage [Sel., Inbr.
& Repl.]

108,4639 1.4 2.5 <0.0001

Rearing Temperature 1,4639 24740.3 45323.1 <0.0001

Sex 1,4639 376.4 689.6 <0.0001

Selection Reg. * Inbreeding
Level

2,6 1.7 0.1 0.8888

Selection Reg. * Rearing
Temp.

1,4639 0.2 0.4 0.5196

Selection Reg. * Sex 1,4639 0.8 8.8 0.3708

Inbreeding Level * Rearing
Temp.

2,4639 12.8 23.4 <0.0001

Inbreeding Level * Sex 2,4639 3.0 5.5 0.0041

Rearing Temp. * Sex 1,4639 13.6 24.9 <0.0001

Sel. Reg. * Inbreed. * Rear.
Temp.

2,3941 3.5 6.3 0.0018

Inbreed. * Rear. Temp.
* Sex

2,4639 2.2 4.1 0.0173

Error 4639 0.5

C) Growth rate DF MS F P

Selection Regime 1,6 5.7 0.1 0.7710

Inbreeding Level 2,6 40.9 0.7 0.5514

Table 2 Results of nested ANOVAs for larval time (A),

pupal time (B), larval growth rate (C) and pupal mass (D)

(Continued)

Replicate Line [Sel. Reg.
& Inbr.]

6,109 68.1 8.2 <0.0001

Repl. Cage [Sel., Inbr.
& Repl.]

108,4641 8.6 4.3 <0.0001

Rearing Temperature 1,4641 79417.9 40343.3 <0.0001

Sex 1,4641 154.2 78.3 <0.0001

Selection Reg. * Inbreeding
Level

2,6 43.2 0.7 0.5353

Selection Reg. * Rearing
Temp.

1,4641 2.1 1.1 0.3012

Selection Reg. * Sex 1,4641 0.4 0.2 0.6716

Inbreeding Level * Rearing
Temp.

2,4641 33.0 16.8 <0.0001

Inbreeding Level * Sex 2,4641 0.6 0.3 0.7479

Rearing Temp. * Sex 1,4641 31.3 15.9 <0.0001

Sel. Reg. * Inbreed. * Rear.
Temp.

2,4641 8.8 4.5 0.0115

Error 4641 2.0

D) Pupal mass DF MS F P

Selection Regime 1,6 2366.2 0.6 0.4880

Inbreeding Level 2,6 38734.6 8.9 0.0156

Replicate Line [Sel. Reg.
& Inbr.]

6,110 4746.8 3.2 0.0064

Repl. Cage [Sel., Inbr.
& Repl.]

108,4641 1527.4 3.8 <0.0001

Rearing Temperature 1,4641 156622.0 389.2 <0.0001

Sex 1,4641 1661991.0 4143.6 <0.0001

Selection Reg. * Inbreeding
Level

2,6 231.4 0.1 0.9487

Selection Reg. * Rearing
Temp.

1,4641 949.7 2.4 0.1239

Selection Reg. * Sex 1,4641 251.4 0.6 0.4286

Inbreeding Level * Rearing
Temp.

2,4641 1285.1 3.2 0.0407

Inbreeding Level * Sex 2,4641 1253.2 3.1 0.0441

Rearing Temp. * Sex 1,4641 295.4 0.7 0.3908

Sel. Reg. * Inbreed. * Rear.
Temp.

2,4641 2182.8 5.4 0.0044

Error 4641 400.5

Results for the effects of selection regime (selection vs. control), inbreeding

level (C, I1, I2), replicate line, replicate cage, rearing temperature (20 vs. 27°C),

and sex on larval time (A), pupal time (B), larval growth rate (C), and pupal

mass (D) in Bicyclus anynana. Replicate line was nested within selection regime

and inbreeding level, and replicate cage was nested within replicate line,

inbreeding level and selection regime. Both latter factors were included as

random effects, while all others were considered fixed effects. Minimum

adequate models were constructed by sequentially removing non-significant

interaction terms. Significant P-values are given in bold.
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lower rearing temperature (19.1 ± 0.03%/d > 10.4 ±

0.03%/d), and was higher in males than in females (14.9 ±

0.03%/d > 14.6 ± 0.03%/d). The significant interaction be-

tween rearing temperature and sex indicates a larger sex-

ual difference in growth rates at 27°C (males: 19.4 ±

0.04%/d > females: 18.8 ± 0.04%/d) than at 20°C (males:

10.5 ± 0.05%/d > females: 10.3 ± 0.05%/d). Effects of

inbreeding were found at the higher rearing temperature

only (C: 18.8 ± 0.04%/d < I1: 19.3 ± 0.04%/d = I2: 19.2

± 0.05%/d), but not at the lower one (C: 10.4 ± 0.06%/d

= I1: 10.5 ± 0.06%/d = I2: 10.3 ± 0.06%/d; Tukey HSD,

significant inbreeding level * rearing temperature inter-

action). Moreover, clear evidence for effects of inbreed-

ing on growth rates was restricted to the unselected

control lines reared at 27°C (significant selection regime

* inbreeding level * rearing temperature interaction;

Figure 1E).

Pupal mass

Pupal mass differed significantly between inbreeding

levels, rearing temperatures, sexes, replicate lines and

replicate cages, but not in relation to selection regime

(Table 2D). Pupal mass was highest in the inbreeding 1

group, followed by the outbred control and finally the

inbreeding 2 group (I1: 192.7 ± 1.72 mg > C: 188.9 ±

1.74 mg > I2: 182.1 ± 1.85 mg; Tukey HSD). The exact

patterns though differed among the higher (I1: 186.0 ±

0.63 mg = C: 183.9 ± 0.64 mg > I2: 175.4 ± 0.65 mg) and

the lower rearing temperature (I1: 199.3 ± 0.83 mg > C:

193.9 ± 0.85 mg > I2: 188.7 ± 0.91 mg; Tukey HSD; signifi-

cant inbreeding level * rearing temperature interaction),

and also among the sexes (males: I1: 173.1 ± 0.73 mg > C:

168.0 ± 0.73 mg > I2: 163.0 ± 0.77 mg; females: I1: 212.2 ±

0.74 mg = C: 209.7 ± 0.74 mg > I2: 201.2 ± 0.78 mg; sig-

nificant inbreeding level * sex interaction). Effects of selec-

tion regime were absent except for the outbred controls

reared at 27°C, where pupal mass was higher in the unse-

lected controls (significant selection regime * inbreeding

level * rearing temperature interaction; Figure 1F). Pupal

mass was overall higher at 20°C than at 27°C (194.0 ±

0.50 mg > 181.8 ± 0.37 mg), and was higher in females

than in males (207.7 ± 0.44 mg > 168.0 ± 0.43 mg).
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Figure 1 Variation in life-history traits (means + 1 SE) in relation to various factors in Bicyclus anynana. Larval time in relation to rearing

temperature, inbreeding level and selection regime (A), and in relation to rearing temperature, selection regime and sex (B); pupal time in

relation to rearing temperature, inbreeding level and sex (C), and in relation to rearing temperature, inbreeding level and selection regime (D);

larval growth rate in relation to rearing temperature, inbreeding level and selection regime (E); and pupal mass in relation to rearing temperature,

inbreeding level and selection regime (F). UC: unselected control; SL: selection line. Please note that in some cases standard errors are so small

that error bars are not visible.
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Chill-coma recovery time

Chill-coma recovery time was significantly affected by

selection regime, rearing temperature, adult tem-

perature, and replicate line, but not by inbreeding level

and sex (Table 3A). Animals from the selection

lines recovered faster than those from the control lines

(18.2 ± 0.73 min > 23.0 ± 0.70 min). Furthermore, ani-

mals reared at 20°C recovered faster than those reared at

27°C (15.2 ± 0.31 min < 26.0 ± 0.23 min), as was the

case for animals acclimated to 20°C compared to 27°C

(15.4 ± 0.27 min < 25.8 ± 0.27 min). The significant

interaction between selection regime and adult

temperature reveals that the difference between selection

lines and unselected controls was larger at 27°C (22.9 ±

0.38 min versus 28.7 ± 0.37 min) than at 20°C (13.6 ±

0.38 min versus 17.3 ± 0.37 min). Evidence for effects of

inbreeding on chill-coma recovery time were restricted

to animals reared at 27°C (C: 25.5 ± 0.39 min = I2: 24.8

± 0.39 min < I1: 27.7 ± 0.39 min), while no effects of

inbreeding were found in animals reared at 20°C (C: 14.4

± 0.52 min = I2: 15.6 ± 0.55 min = I1: 15.5 ± 0.52 min,

Tukey HSD; significant inbreeding level * rearing tem-

perature interaction). More specifically, the selection

lines reared at 27°C caused the above pattern, while the

unselected control lines showed neither at 20°C nor at

27°C a significant response to inbreeding, and while the

selection lines reared at 20°C showed an increase in

chill-coma recovery time with increasing inbreeding

level (significant selection regime * inbreeding level *

rearing temperature interaction; Figure 2A).

Likewise, inbreeding effects were only detectable in

animals acclimated to 27°C (C: 24.8 ± 0.46 min = I2:

24.9 ± 0.48 min < I1: 27.6 ± 0.46 min), but not in those

acclimated to 20°C (C: 15.1 ± 0.46 min = I2: 15.5 ±

Table 3 Results of nested ANOVAs for chill-coma recovery

time

A) Chill-coma recovery time DF MS F P

Selection Regime 1,6 24368.4 22.0 0.0032

Inbreeding Level 2,6 1183.4 1.1 0.4005

Replicate Line [Sel. & Inbr.] 6,4738 1204.3 7.7 <0.0001

Rearing Temperature 1,4738 127708.0 815.0 <0.0001

Adult Temperature 1,4738 115643.0 738.0 <0.0001

Sex 1,4738 <0.1 <0.1 0.9926

Selection Reg. * Inbreeding Level 2,6 192.6 0.2 0.8448

Selection Reg.* Rearing Temp. 1,4738 480.4 3.1 0.0800

Selection Reg. * Adult Temp. 1,4738 1327.2 8.5 0.0036

Selection Reg. * Sex 1,4738 21.2 0.1 0.7131

Inbreeding Level * Rearing Temp. 2,4738 797.1 5.1 0.0062

Inbreeding Level * Adult Temp. 2,4738 692.4 4.4 0.0121

Inbreeding Level * Sex 2,4738 254.0 1.6 0.1979

Rearing Temp. * Adult Temp. 1,4738 1.2 <0.1 0.9298

Rearing Temp. * Sex 1,4738 1.8 <0.1 0.9140

Adult Temp. * Sex 1,4738 1384.2 8.8 0.0030

Sel. Reg. * Inbreed. * Rear. Temp. 2,4738 910.95 5.8 0.0030

Sel. Reg. * Inbreed. * Adult Temp. 2,4738 527.1 3.4 0.0347

Inbreed. * Rear. Temp. * Adult Temp. 2,4738 504.9 3.2 0.0400

Rear. Temp. * Adult Temp. * Sex 1,4738 1121.7 7.2 0.0075

Error 4738 156.7

B) Animals reared at 20°C DF MS F P

Selection Regime 1,6 6782.9 18.8 0.0049

Inbreeding Level 2,6 213.8 0.6 0.5829

Replicate Line [Sel. & Inbr.] 6,1668 362.6 4.1 0.0004

Adult Temperature 1,1668 44483.1 501.1 <0.0001

Sex 1,1668 1.3 <0.1 0.9046

Selection Reg. * Adult Temp. 1,1668 1458.2 16.4 <0.0001

Error 1668 88.8

C) Animals reared at 27°C DF MS F P

Selection Regime 1,6 23033.8 15.3 0.0079

Inbreeding Level 2,6 2340.1 1.5 0.2859

Replicate Line [Sel. & Inbreed.] 6,3059 1506.7 7.9 <0.0001

Adult Temperature 1,3059 81814.6 427.7 <0.0001

Adult Feeding Regime 1,3059 5.6 <0.1 0.8644

Sex 1,3059 0.4 <0.1 0.9620

Selection Reg. * Inbreeding Level 2,6 959.2 0.6 0.5611

Selection Reg. * Adult Temp. 1,3059 321.2 1.7 0.1952

Selection Reg. * Adult Feed. 1,3059 66.0 0.3 0.5570

Selection Reg. * Sex 1,3059 38.0 0.2 0.6557

Inbreeding Level * Adult Temp. 2,305 1643.0 8.6 0.0002

Inbreeding Level * Adult Feed. 2,3059 211.2 1.1 0.3317

Inbreeding Level * Sex 2,3059 145.2 0.8 0.4682

Table 3 Results of nested ANOVAs for chill-coma recovery

time (Continued)

Adult Temp. * Adult Feed. 1,3059 231.8 1.2 0.2711

Adult Temp. * Sex 1,3059 3459.7 18.1 <0.0001

Adult Feed. * Sex 1,3059 174.4 0.9 0.3397

Sel. Reg. * Inbreed. * Adult Temp. 2,3059 961.3 5.0 0.0066

Inbreed. * Adult Feed. * Sex 2,3059 1243.4 6.5 0.0015

Adult Temp. * Adult Feed. * Sex 1,3059 1362.7 7.1 0.0076

Error 3059 191.3

Results for the effects of selection regime (selection vs. control), inbreeding

level (C, I1, I2), replicate line, rearing temperature (20 vs. 27°C), adult

temperature (20 vs. 27°C), and sex on chill-coma recovery time in Bicyclus

anynana (A). In Tables B (animals reared at 20°C) and C (animals reared at

27°C) data were analyzed separately for each rearing temperature, as different

feeding treatments were employed in animals reared at 27°C only.

Consequently, the factor rearing temperature was dropped from both

analyses, and the factor adult feeding regime (control vs. starvation) was

added to Table C. For details see Material and Methods. Replicate line (random

factor) was nested within selection regime and inbreeding level throughout.

Minimum adequate models were constructed by sequentially removing

non-significant interaction terms. Significant P-values are given in bold.
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0.48 min = I1: 15.7 ± 0.46 min; Tukey HSD; significant

inbreeding level * adult temperature interaction). The

lack of a comparable response in the butterflies accli-

mated to 20°C is caused by the unselected controls,

showing an increase in recovery time with increasing

inbreeding level (significant selection regime * inbreed-

ing level * adult temperature interaction; Figure 2B).

Overall, inbreeding effects were thus only detectable

in the animals reared at and acclimated to 27°C, but not

in any other rearing by adult temperature group (sig-

nificant inbreeding level * rearing temperature * adult

temperature interaction; Figure 2C). The significant

adult temperature by sex interaction indicates that males

tended to show longer recovery times than females at

the adult temperature of 20°C (16.0 ± 0.38 min vs. 14.9

± 0.38 min), but shorter ones than females at 27°C (25.2

± 0.37 min vs. 26.3 ± 0.39 min). This pattern was

restricted to animals reared at 27°C though, while sexual

differences were absent in animals reared at 20°C (sig-

nificant rearing temperature * adult temperature * sex

interaction; Figure 2D).

When analyzing the animals reared at 20°C separately,

selection regime, adult temperature and replicate line

significantly affected chill-coma recovery time, but not

inbreeding level and sex (Table 3B). Butterflies from the

selection lines recovered quicker compared to unse-

lected control butterflies (13.2 ± 0.70 min < 17.2 ±

0.66 min), and adults kept at 20°C recovered much faster

than those kept at 27°C (10.1 ± 0.32 min < 20.3 ±

0.33 min). All patterns are thus in full agreement with

the above analysis. The interaction between selection re-

gime and adult temperature indicates that differences in

chill-coma recovery time between selection and control

lines were more pronounced at the higher (17.4 ±

0.47 min vs. 23.3 ± 0.45 min) compared to the lower

adult temperature (9.0 ± 0.47 min vs. 11.1 ± 0.45 min).

In the animals reared at 27°C, chill-coma recovery

time was significantly affected by selection regime, adult

temperature, and replicate line, but not by adult feeding

regime, sex and inbreeding level (Table 3C). Butterflies

from the selection lines had shorter recovery times than

those from the unselected control lines (23.3 ± 0.99 min
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Figure 2 Variation in chill-coma recovery time (means + 1 SE) in Bicyclus anynana. Chill-coma recovery time in relation to rearing

temperature, inbreeding level and selection regime (A), adult temperature, inbreeding level and selection regime (B), rearing temperature,

inbreeding level and adult temperature (C), rearing temperature, adult temperature and sex (D), sex, inbreeding level and adult feeding regime
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27°C. UC: unselected control; SL: selection line; CCRT: Chill-coma-recovery-time.
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vs. 28.8 ± 0.99 min), and individuals acclimated to the

lower temperature recovered faster than those accli-

mated to the higher temperature (20.9 ± 0.36 min < 31.2

± 0.35 min). The significant interactions found here ba-

sically reflect the patterns described above, and are thus

not described here except for both interactions involving

feeding regime. The response to adult feeding regime

varied largely among inbreeding levels and sexes, with

feeding regime having positive to negative effects (sig-

nificant inbreeding level * adult feeding regime * sex

interaction; Figure 2E). Furthermore, food stress had

generally either little or positive effects on chill-coma re-

covery times in the adult temperature by sex groups,

while it slightly decreased cold stress resistance in the

females acclimated to 27°C (significant adult temperature

* adult feeding regime * sex interaction; Figure 2F).

Longevity

In the analysis addressing effects of rearing temperature,

longevity was significantly affected by rearing

temperature and replicate line, but not by selection re-

gime, inbreeding level, and sex (Table 4A). Animals

Table 4 Results of nested ANOVAs for longevity

A) Longevity DF MS F P

Selection Regime 1,6 234.0 0.6 0.4616

Replicate Line [Sel. & Inbr.] 6,3744 404.9 2.8 0.0109

Inbreeding Level 2,6 146.3 0.4 0.6967

Rearing Temperature 1,3744 264262.0 1806.6 <0.0001

Sex 1,3744 20.7 0.14 0.7070

Selection Reg. * Inbreeding Level 2,6 2020.7 5.3 0.0440

Selection Reg. * Rearing Temp. 1,3744 93.4 0.6 0.4242

Selection Reg. * Sex 1,3744 52.2 0.4 0.5505

Inbreeding Level * Rearing Temp. 2,3744 440.1 3.0 0.0495

Inbreeding Level * Sex 2,3744 153.7 1.0 0.3498

Rearing Temp. * Sex 1,3744 5324.0 36.4 <0.0001

Sel. Reg. * Inbreed. * Rear. Temp. 2,3744 472.0 3.2 0.0398

Sel. Reg. * Inbreed. * Sex 2,3744 940.0 6.4 0.0016

Sel. Reg. * Rearing Temp. * Sex 1,3744 1.5 <0.1 0.9202

Inbreed. * Rear. Temp. * Sex 2,3744 178.4 1.2 0.2954

Four-way Interaction 2,3744 932.1 6.4 0.0017

Error 3744 146.3

B) Animals reared at 20°C DF MS F P

Selection Regime 1,6 287.5 0.3 0.6267

Inbreeding Level 2,6 174.0 0.2 0.8570

Replicate Line [Sel. Reg. & Inbr.] 6,1312 1106.3 4.8 <0.0001

Adult Temperature 1,1312 34430.6 148.6 <0.0001

Sex 1,1312 2568.9 11.1 0.0009

Selection Reg. * Inbreeding Level 2.6 1712.1 1.6 0.2864

Selection Reg. * Adult Temp. 1,1312 1726.0 7.5 0.0064

Selection Reg. * Sex 1,1312 7.3 <0.1 0.8589

Inbreeding Level * Adult Temp. 2,1312 3034.3 13.5 <0.0001

Inbreeding Level * Sex 2,1312 131.9 0.6 0.5659

Adult Temperature * Sex 1,1312 2762.2 12.6 0.0004

Sel. Reg. * Inbreed. * Sex 2,1312 1395.7 6.0 0.0025

Error 1312 231.6

C) Animals reared at 27°C DF MS F P

Selection Regime 1,6 38.0 0.1 0.7603

Inbreeding Level 2,6 142.8 0.4 0.6974

Replicate Line [Sel. Reg. & Inbr.] 6,2394 37. 7.0 <0.0001

Adult Temperature 1,2394 1177.7 21.8 <0.0001

Adult Feeding Regime 1,2394 52827.7 977.2 <0.0001

Sex 1,2394 3684.1 68.1 <0.0001

Selection Reg. * Inbreeding Level 2,6 475.6 1.3 0.3451

Selection Reg. * Adult Temp. 1,2394 104.6 1.9 0.1644

Selection Reg. * Adult Feed. 1,2394 49.3 0.9 0.3399

Selection Reg. * Sex 1,2394 15.4 0.3 0.5936

Inbreeding Level * Adult Temp. 2,2394 37.1 0.7 0.5033

Inbreeding Level * Adult Feed. 2,2394 112.8 2.1 0.1244

Table 4 Results of nested ANOVAs for longevity

(Continued)

Inbreeding Level * Sex 2,2394 137.9 2.6 0.0782

Adult Temp. * Adult Feed. 1,2394 451.8 8.4 0.0039

Adult Temp. * Sex 1,2394 114.8 2.1 0.1451

Adult Feed. * Sex 1,2394 1481.2 27.4 <0.0001

Sel. Reg. * Inbreed. * Adult Temp. 2,2394 17.4 0.3 0.7248

Sel. Reg. * Inbreed. *Adult Feed. 2,2394 532.5 9.9 <0.0001

Sel. Reg. * Inbreed. * Sex 22394 0.7 <0.1 0.9879

Sel. Reg. * Adult Temp. * Sex 2,2394 1.7 <0.1 0.8610

Sel. Reg. * Adult Temp. * AdFeed. 1,2394 128.8 2.4 0.1229

Sel. Reg. * Adult Feed. * Sex 1,2394 0.7 <0.1 0.9110

Inbreed. * Adult Temp. * AdFeed. 2,2394 14.4 0.3 0.7659

Inbreed. * Adult Temp. * Sex 2,2394 161.9 3.0 0.0502

Inbreed. * Adult Feed. * Sex 2,2394 164.2 3.0 0.0482

Adult Temp. * Adult Feed. * Sex 1,2394 87.1 1.6 0.2044

Inbreed. * AdT * AdF * Sex 2,2394 222.8 4.1 0.0163

Error 2394 54.0

Results for the effects of selection regime (selection vs. control), inbreeding

level (C, I1, I2), replicate line, replicate cage, rearing temperature (20 vs. 27°C),

and sex on longevity in Bicyclus anynana (A). In Tables B (animals reared at

20°C) and C (animals reared at 27°C) data were analyzed separately for each

rearing temperature, as different feeding treatments were employed in

animals reared at 27°C only, and as different adult temperatures were

employed in animals reared at 27°C only temporarily. Consequently, the

analysis in A was restricted to the animals fed ad libitum and kept as adults at

27°C, to mainly explore effects of rearing temperature. The factor rearing

temperature was replaced by the factor adult temperature in analyses B and

C, and the factor adult feeding regime (control vs. starvation) was added to

Table C. For details see Material and Methods. Replicate line (random factor)

was nested within selection regime and inbreeding level throughout.

Minimum adequate models were constructed by sequentially removing

non-significant interaction terms. Significant P-values are given in bold.
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reared at 20°C lived longer compared to animals reared

at 27°C (29.9 ± 0.33 d > 12.3 ± 0.25 d). The significant

selection regime by inbreeding level interaction indicates

that longevity tended to be longer in the unselected con-

trols than in the selection lines in the outbred controls

(23.2 ± 0.78 d vs. 19.7 ± 0.81 d), but shorter in inbreed-

ing group 1 (20.5 ± 0.81 d vs. 22.0 ± 0.79 d), while being

very similar in inbreeding group 2 (20.6 ± 0.84 d vs.

20.9 ± 0.87 d). These patterns, however, were largely

restricted to animals reared at 20°C and to males (sig-

nificant selection regime * inbreeding level * rearing

temperature interaction and significant selection regime

* inbreeding level * sex interaction; Figure 3A and 3B).

Consequently, significant differences between selection

and control lines were exclusively found in outbred

males reared at 20°C (35.5 ± 1.1 d vs. 26.3 ± 1.1 d; sig-

nificant four-way interaction). When being reared at

20°C, longevity was longest in inbreeding 1 group

(C: 30.0 ± 0.56; I1: 30.7 ±0.56 d; I2: 29.0 ± 0.61 d), while

it was shortest in this group when being reared at 27°C

(C: 12.8 ± 0.42; I1: 11.7 ± 0.42 d; I2; 12.4 ± 0.43 d; sig-

nificant inbreeding level * rearing temperature inter-

action). Sex differences were only found in animals reared

at 20°C (males: 31.1 ± 0.47 d > females: 28.8 ± 0.47 d),

while there was no significant sex difference in animals

reared at 27°C (males: 11.0 ± 0.35 d = females: 13.7 ±

0.35 d; Tukey HSD; significant rearing temperature * sex

interaction).

When considering the animals reared at 20°C separ-

ately, adult temperature, sex, and replicate line signifi-

cantly affected longevity, but not selection regime and

inbreeding level (Table 4B). Adults acclimated to 20°C

lived longer than adults acclimated to 27°C (34.7 ± 0.57

d > 24.4 ± 0.62 d), and males lived longer than females

(30.9 ± 0.60 d > 28.1 ± 0.60 d). The sex difference was

restricted to the adult temperature of 27°C though

(males: 27.3 ± 0.87 d > females: 21.5 ± 0.88 d), while

there was no significant difference at 20°C (males: 34.6 ±

0.82 d = females: 34.7 ± 0.80 d; Tukey HSD; signifi-

cant adult temperature * sex interaction). The signifi-

cant interaction between selection regime and adult

temperature indicates that longevity was longer in unse-

lected controls compared to selection lines at the lower

adult temperature (36.2 ± 0.80 d vs. 33.1 ± 0.82 d), but

vice versa at the higher adult temperature (23.8 ± 0.86 d

vs. 24.9 ± 0.88 d). Longevity decreased with increasing

inbreeding level when animals were acclimated to 20°C

(C: 37.2 ± 0.98 d = I1: 35.8 ± 0.94 d > I2: 31.0 ± 1.05 d),

but tended to increase with increasing inbreeding level

when animals were acclimated to 27°C (C: 22.2 ± 1.0 d =

I1: 24.4 ± 1.06 d = I2: 26.6 ± 1.13 d; Tukey HSD; signifi-

cant inbreeding level * adult temperature interaction).

Finally, males of the outbred control and the inbreeding

1 group showed quite substantial though opposing dif-

ferences between selection lines and unselected controls,

while differences where much smaller in other groups

(significant selection regime * inbreeding level * sex

interaction; Figure 3C).

In the animals reared at 27°C, longevity was signifi-

cantly affected by adult temperature, adult feeding re-

gime, sex and replicate line, but not by selection regime

and inbreeding level (Table 4C). Adults acclimated to
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20°C lived longer than adults acclimated to 27°C (13.5 ±

0.21 d > 12.1 ± 0.21 d), control animals lived longer

compared to food-stressed animals (17.5 ± 0.22 d > 8.1

± 0.20 d), and females lived longer than males (14.1 ±

0.21 d > 11.6 ± 0.21 d). Effects of adult temperature were

more pronounced in control (20°C: 18.7 ± 0.32 d vs. 27°C:

16.4 ± 0.31 d) than in food-stressed animals (20°C:

8.4 ± 0.29 d vs. 27°C: 7.8 ± 0.28 d; significant adult

temperature * adult feeding regime interaction). Sex dif-

ferences, in contrast, were larger in food-stressed

(female: 10.2 ± 0.29 d vs. male: 6.1 ± 0.28 d) than in

control animals (female: 18.0 ± 0.32 d vs. male: 17.1 ±

0.31 d; significant adult feeding regime * sex inter-

action). While in food-stressed animals longevity was

generally very similar across selection regimes and

inbreeding levels, the feeding control groups showed di-

vergent patterns between unselected controls and selec-

tion lines (Figure 3D). While in the latter groups

longevity increased with increasing inbreeding level in the

selection lines (C: 16.1 ± 0.56 d = I1: 16.9 ± 0.56 d < I2:

18.8 ± 0.54 d), it decreased with increasing inbreeding

level in the unselected control lines (C: 20.2 ± 0.51 d > I1:

16.4 ± 0.56 d = I2: 16.8 ± 0.56 d; significant selection

regime * inbreeding level * adult feeding regime inter-

action). The significant inbreeding level * adult feeding

regime * sex interaction shows that inbreeding effects

were only present in food control males, in which indi-

viduals from inbreeding level 1 lived shortest (I1: 15.5 ±

0.56 d < I2: 17.0 ± 0.55 d = C: 18.7 ± 0.53 d). Variation

between inbreeding groups though was restricted to food

control males kept at 20°C (I1: 16.1 ± 0.79 d; I2: 18.1 ±

0.78 d; C: 21.6 ± 0.76 d; significant inbreeding level * adult

temperature * adult feeding regime * sex interaction).

Discussion
Variation in developmental traits

As predicted (Table 1), selection regime neither affected

larval time, pupal time, larval growth rate or pupal mass,

thus suggesting that genetic variation in adult cold toler-

ance operates largely independent of these developmen-

tal traits in B. anynana (see [17]; cf. [16,42]). However,

selection regime was involved in a total of six interac-

tions with other factors (larval time: 3; pupal time: 1;

growth rate: 1; pupal mass: 1; Table 2). The patterns

revealed through these interactions though do not fun-

damentally change the conclusion drawn above, with

perhaps the following exception. Larval development

time was slightly longer in control than in selection lines

at the lower rearing temperature only. This may indicate

that the lines selected for increased adult cold toler-

ance may be slightly better adapted to deal with devel-

opmental temperatures below the optimal range. Note

though that this pattern was not consistent across all

treatment groups (significant 3-way interaction). All

other interactions indicated inconsistent, group-specific

responses and did therefore not reveal any straightfor-

ward effects of selection regime on developmental

traits.

Likewise, inbreeding yielded only marginal effects, sig-

nificantly affecting pupal mass only. Pupal mass was

highest in inbreeding group 1, intermediate in the out-

bred control, and lowest in inbreeding group 2. Directly

after the full-sib matings, in contrast, larval development

time, larval growth rate, and pupal mass showed

inbreeding depression [17]. The fact that much of these

initial differences disappeared indicates fitness rebounds

caused by subsequent random mating (for 14 genera-

tions: 10 during the selection experiments and 4 after-

wards) as was expected [17]. Additive theory would

predict a complete rebound under such circumstances

[43,44], such that the pattern found for pupal mass may

reflect a chance effect caused by random genetic drift ra-

ther than inbreeding depression. Note in this context

that the 11 interactions in which inbreeding was

involved in also indicated erratic variation rather than

any systematic patterns.

In contrast to the above results, sexual differences and

variation induced by different rearing temperatures resem-

ble predicted and well-known patterns for B. anynana and

beyond [45,46]. Specifically, lower temperatures resulted

in increased development time and pupal mass, but in

decreased larval growth rates. This is consistent with the

temperature-size rule and the in general temperature-

dependent growth of ectotherms [46-48]. Males compared

to females showed shorter larval but longer pupal times

(though with the latter not affecting earlier male emer-

gence; protandry selection), higher larval growth rate, and

lower pupal mass (fecundity selection in females). Sex dif-

ferences were more pronounced at 20°C (larval time) or at

27°C (pupal time, larval growth rates). While the former

has been reported previously and likely reflects larger ab-

solute differences owing to the overall longer development

time at lower temperatures [49], we have no explanation

for the latter.

Variation in chill-coma recovery time

Cold tolerance was strongly affected by selection regime,

with recovery times being overall by 21% shorter in the

selection than in the control lines. Directly after the

course of selection the difference between selection

regimes was 29% [17], indicating an ongoing conver-

gence towards control line levels. This suggests that the

selected genes and alleles had not yet become fixed in

the selection lines, and furthermore a lack of selection

for maintaining increased cold tolerance under labora-

tory conditions. Interestingly, the differences between

selection and control lines tended to be more pro-

nounced when animals had been reared at 20°C (23%) as
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compared to 27°C (18%; Table 3A). This suggests that

the selection lines might show a somewhat stronger re-

sponse to rearing temperature (by 43% shorter chill-

coma recovery time at 20°C compared to 27°C) than the

control lines (by 40% shorter).

Regarding interactive effects, selection regime was

involved in a total of five significant interactions. While

three of these did not reveal any conclusive patterns

regarding the role of selection regime, the remaining

two interactions suggest that the differences between se-

lection and control lines were larger at the higher as

compared to the lower adult temperature (Table 3 A and

B). However, while this is true in absolute terms

(5.8 minutes at 27°C vs. 3.7 minutes at 20°C for all indi-

viduals; 5.9 minutes at 27°C vs. 2.1 minutes at 20°C for

the individuals reared at 20°C), larger relative differences

were found in the animals reared at 20°C only (27°C:

20% and 20°C: 21% for all; 27°C: 25% and 20°C: 19% for

individuals reared at 20°C). Concomitantly plastic

responses are quite similar across selection regimes, with

the selection lines showing by 41% (all) and 48% (reared

at 20°C) shorter chill-coma recovery times at 20°C com-

pared to 27°C, and the control lines by 40% and 52%

shorter ones. We therefore conclude that the extent of

the plastic responses in cold tolerance is comparably

high across both selection regimes, thus challenging the

main hypothesis we wanted to test here.

Effects of different rearing and adult temperatures

were strong and persistent, with animals reared or accli-

mated at the lower temperature showing increased cold

tolerance compared to those kept at the higher

temperature (cf. Table 1). Similar temperature-induced

changes in cold tolerance have been documented in a

large variety of insects, suggesting a universal pattern of

adaptive phenotypic plasticity [23,50]. In contrast, no

consistent effects of adult feeding treatment on cold tol-

erance were found, despite large variation among

inbreeding levels, sexes, and temperature groups. This is

in line with our predictions based on earlier results [23],

which indicates that cold tolerance is at least not

strongly limited by adult food intake. Furthermore, our

results revealed no sex differences in cold tolerance as

was expected. Likewise, testing for sex differences in

temperature stress resistance in an earlier study yielded

a non-significant result in 18 out of 22 statistical ana-

lyses, suggesting that, in general, both sexes are equally

tolerant in B. anynana [23]. Except from some group-

specific responses, no effects of (earlier) inbreeding on

cold tolerance were found.

Variation in longevity

Longevity was not affected by selection regime, indicat-

ing that there is no trade-off between increased cold

stress resistance and life span in B. anynana (cf. [34]).

This notion is further supported by the erratic patterns

indicated by the seven interactions in which selection re-

gime was involved in. Studies on Drosophila also yielded

inconclusive results regarding genetic correlations be-

tween cold tolerance and longevity (e.g. [2,15,16,42]).

Temperature effects, in contrast, were straight-forward

and as predicted. Animals reared at or acclimated to 20°C

lived generally longer than animals reared or kept at the

higher temperature, thus indicating accelerated rates of

ageing at warmer temperatures owing to higher metabolic

rates [2,47,51]. Adult food stress had as expected a large

impact on longevity, with a lack of food substantially re-

ducing life span [36,37]. Not surprisingly, differences in

longevity between acclimation temperature groups were

more pronounced in control compared to food-stressed

animals, as all latter individuals died within relatively

short time spans. Once again, inbreeding yielded no con-

clusive effects.

Regarding sex differences, females lived longer than

males when being reared at 27°C, as has been found in

several earlier studies [17,38]. The sex difference was

more pronounced in food-stressed than in control ani-

mals, which may suggest a re-allocation of resources

from reproduction to somatic maintenance under food

stress in females. When being reared at 20°C, however,

males lived longer than females, but only at the higher

adult temperature. This finding may suggest that the re-

spective temperature regime does not only affect longev-

ity as such, but influences sexes in different ways.

Conclusions
Regarding effects of temperature, feeding treatment, sex,

inbreeding and selection regime our results are in good

agreement with the hypotheses outlined in Table 1 and

thus with earlier findings obtained in B. anynana and

other insects. However, our principal intention here was

to explore plastic responses in populations of different

genetic background and thus genotype-environment

interactions. Regarding this matter we have indeed

detected a number of interactions in which selection re-

gime was involved in, but most of these did not reveal

consistent patterns. We have found some evidence

though that the lines selected for increased cold toler-

ance as compared to control lines (1) developed slightly

faster at suboptimally low temperatures, (2) showed lar-

ger differences in cold tolerance compared to controls

when being reared at the lower temperature, (3) and

showed more pronounced differences in cold tolerance

compared to controls at an adult temperature of 27°C.

The former findings may indicate that the lines selected

for increased adult cold tolerance may be slightly better

equipped to deal with lower temperatures, such that any

advantages become exaggerated when experiencing sub-

optimally low temperatures during development. While
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thus the plastic response to different rearing tempera-

tures seemed to be somewhat larger in the selection

compared to the control lines, plastic responses to dif-

ferent adult temperatures were very similar across selec-

tion regimes. Our results thus suggest that plastic

capacities were, if anything, only marginally affected by

directional selection, and that plasticity was largely inde-

pendent of the respective trait mean. This suggests that

the genetic architecture of the trait mean operates

largely independently of the architecture underlying

plastic responses. Thus, we found no evidence for an

interference of genetic adaptation with plastic capacities

(but see [52] for an interspecific comparison).

However, one should keep in mind that our study

draws on variation across selection lines, which had been

established from a single laboratory source population.

While using a single gene pool to experimentally estab-

lish genetically differentiated populations has clear

advantages, it also involves some limitations which

should be acknowledged. Notably, we do not know

whether our results are transferable to other populations

(and species), and whether they might be affected by the

specific population history (e.g. inbreeding, founder

effects, laboratory adaptation). Several traits have been

shown to readily respond to laboratory conditions,

though essentially nothing is known about the effects of

laboratory adaptation on plastic responses [53,54]. For

logistic reasons such limitations apply to many labora-

tory experiments. At least some studies indicate that la-

boratory results may nevertheless have clear relevance

for field conditions [54]. In any case our results clearly

show that there is not necessarily a link between trait

value and the magnitude of plastic responses.
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Introduction

At least at evolutionary timescales, all organisms are

faced with environmental change such as climatic alter-

ations, new diseases or new predators (Frankham &

Kingsolver, 2004; Frankham, 2005). Therefore, the abil-

ity to respond to such changes is of crucial importance to

ensure a species’ longer-term persistence. This can be

achieved either through phenotypic plasticity, that is,

quick environmentally induced adjustments within a set

genotype, or through genetic adaptation involving

changes in allele frequencies (Bijlsma & Loeschcke,

2005; David et al., 2005; Sørensen et al., 2005). Although

phenotypic plasticity allows for maximal flexibility,

it does not seem to be generally favoured by selection,

suggesting that plastic responses involve nontrivial costs

(DeWitt et al., 1998; Relyea, 2002; Pigliucci, 2005). In

contrast, it has been repeatedly suggested that genetic

adaptation may come at reduced costs, thus being

favoured in stable environments (DeWitt et al., 1998;

Relyea, 2002; Aubret & Shine, 2010). This notion,

however, has been challenged by some recent findings

(Meyer & Di Giuliuo, 2003; Bourguet et al., 2004).

Perhaps the most obvious limit to genetic adaptation is

negative genetic correlations (caused by antagonistic

pleiotropy), in which a beneficial genetic change in one

trait is linked to a detrimental change in another

(Stearns, 1989; Roff, 2002). Over recent decades, our

knowledge on genetic trade-offs has much increased,

especially due to the use of artificial selection experi-

ments, representing the most straightforward approach

(e.g. Bell & Koufopanou, 1986; Brakefield, 2003; Czesak &

Fox, 2003; Bubliy & Loeschcke, 2005; Fischer et al., 2006

Bauerfeind & Fischer, 2007; Bertoli et al., 2010). For

instance, artificial selection in Drosophila melanogaster

revealed a strong trade-off between larval development

time and adult weight (Nunney, 1996) and between cold

tolerance and starvation resistance (Hoffmann et al.,

2005). In general, there is agreement that such negative

genetic correlations between traits related to fitness have

the potential to maintain genetic variation within
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Abstract

Artificial selection is a powerful approach to unravel constraints on genetic

adaptation. Although it has been frequently used to reveal genetic trade-offs

among different fitness-related traits, only a few studies have targeted genetic

correlations across developmental stages. Here, we test whether selection on

increased cold tolerance in the adult stage increases cold resistance throughout

ontogeny in the butterfly Bicyclus anynana. We used lines selected for

decreased chill-coma recovery time and corresponding controls, which had

originally been set up from three levels of inbreeding (outbred control, one or

two full-sib matings). Four generations after having terminated selection,

a response to selection was found in 1-day-old butterflies (the age at which

selection took place). Older adults showed a very similar although weaker

response. Nevertheless, cold resistance did not increase in either egg, larval or

pupal stage in the selection lines but was even lower compared to control lines

for eggs and young larvae. These findings suggest a cost of increased adult cold

tolerance, presumably reducing resource availability for offspring provisioning

and thereby stress tolerance during development, which may substantially

affect evolutionary trajectories.
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populations and more importantly to bias or constrain

evolutionary change (Cheverud, 1984; Roff, 2002).

Although such genetic trade-offs have been quite

frequently measured among different traits, hardly any

data are available on potential trade-offs across develop-

mental stages (but, for example, Tucic, 1979; Cheverud

et al., 1983; Loeschcke & Krebs, 1996). Throughout

ontogeny, though, selection at any age is expected to

result in correlated responses in all other life history

stages. Such genetic influences may on principle yield

(i) consistent effects throughout development, (ii) diver-

gent patterns across developmental stages or (iii) pheno-

typic effects in one or two consecutive ages only

(Cheverud et al., 1983).

Against this background, we here investigate genetic

links between the expression of a specific phenotype at

different time points in the ontogeny of the butterfly

Bicyclus anynana. To this end, we used lines artificially

selected for an ecologically important trait (Kristensen

et al., 2011), increased cold tolerance in the adult stage and

corresponding control lines (Dierks et al., 2012a,b). We

predict that increased cold tolerance should prevail

throughout development (i.e. also in the egg, larval and

pupal stages; cf. Tucic, 1979). This prediction rests on the

straightforward assumption of genetically positively cor-

related gene expression, which should be beneficial

throughout ontogeny if cold tolerance is selected for in

the adult stage. Note in this context that at least some

studies indicate that the costs involved in thermal adap-

tation may be minor (Anderson et al., 2005; Bertoli et al.,

2010; Dierks et al., 2012b). On the other hand, thermal

sensitivity and tolerance may change during ontogeny, as

morphology and physiology will undergo fundamental

changes (Chen et al., 1987; Block et al., 1990; Tsutsayeva&

Sevryukova, 2001; Jensen et al., 2007). For instance,Krebs

& Loeschcke (1997) found that pupae ofDrosophila buzzatii

were most heat resistant, followed by eggs, first- and

finally third-instar larvae. Furthermore, using selection for

increased heat-shock resistance in adult and larvalD. buzz-

atii, Loeschcke & Krebs (1996) found no evidence for

correlated responses across developmental stages.

The selection lines used here were initially set up from

different levels of inbreeding (F = 0.00 ⁄0.25 ⁄0.375), to

investigate effects of selection regime and inbreeding on

the response to selection (Dierks et al., 2012b). Although

inbreeding effects are beyond the scope of this study and

although lines went through several generations of

outbreeding prior to our current experiments, we nev-

ertheless also report the respective results here for

completeness.

Material and methods

Study organism

We used the butterfly B. anynana Butler, 1879 (Lepidop-

tera, Nymphalidae), a species that is distributed in the

tropical areas of Southern Africa up to Ethiopia (Larsen,

1991), for this study.Adults feedonadiversity of fallenand

decaying fruits (Larsen, 1991; Brakefield, 1997). This

species exhibits two seasonal morphs as an adaptation to

thewet and dry season in its natural environment, and the

associated changes in resting background and predation

(Brakefield, 1997; Lyytinen et al., 2004; Bauerfeind &

Fischer, 2007). Due to its amenability to experimental

manipulations, B. anynana has been used frequently in

studies on life history evolution and developmental

plasticity before (e.g. Brakefield & Mazzotta, 1995; Van

Oosterhout et al., 2000; Bauerfeind et al., 2009; Fischer

et al., 2010). The origins of our laboratory stock popula-

tion, which has been founded at Greifswald University,

Germany, in 2007, lead back to a stock population at

Leiden University, The Netherlands. The latter population

has been established in 1988 from over 80 gravid females,

collected at Nkatha Bay, Malawi. Since then, several

hundred individuals are reared in each generation to avoid

inbreeding and to maintain high levels of heterozygosity

(Van’t Hof et al., 2005; Bauerfeind & Fischer, 2007).

Inbreeding treatments and selection regime

To investigate effects of selection in the adult stage

throughout development, we used in total 12 selection

lines, which had been selected for increased cold stress

tolerance starting from different levels of inbreeding

(Dierks et al., 2012a,b; also for further details). First,

three levels of inbreeding had been established using a

full-sib breeding design: inbreeding 1 (I1) with indivi-

duals resulting from matings between full-sibs, inbreed-

ing 2 (I2) resulting from matings between full-sibs in two

consecutive generations and outbred controls (C) result-

ing from random mating. To initiate artificial selection,

butterflies within inbreeding levels were pooled across

families (120 each). Per inbreeding level, four groups

were set up, two for selection on increased cold tolerance

and two as unselected controls, resulting in a total of 12

lines (three inbreeding levels · 4). Per generation and

line, 40 males and 40 females were selected to found the

next generation, being either the most cold-tolerant ones

or selected at random (control lines). Selection was

applied to chill-coma recovery time, that is, the time

needed to regain mobility following cold exposure, on

day 1 following adult eclosion. This trait is considered a

reliable proxy of climatic cold adaptation and has been

used successfully in B. anynana previously (e.g. Geister &

Fischer, 2007; Fischer et al., 2010). Selection was contin-

ued for 10 generations, yielding highly divergent phe-

notypes with the lines selected for increased cold

tolerance showing an approximately 28% shorter chill-

coma recovery time compared with unselected controls

(Dierks et al., 2012b). Lines had been kept without

selection under standard rearing conditions for four

generations prior to this experiment. Several hundred

butterflies were reared per line in each generation.
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General rearing

Unless otherwise stated, butterflies were reared in a

climate room at 27 �C, high relative humidity (70%) and

a photoperiod of L12:D12 (24-h light cycle) throughout.

Larvae were reared in population cages (50 · 50 · 50

cm) and fed on young maize plants. Adults were kept in

cylindrical hanging cages (30 · 38 cm) and provided

with banana and moist cotton wool. Cages were arranged

in a randomized block design within the climate cabinet

to balance potential slight temperature and humidity

variation (Bauerfeind & Fischer, 2007; Fischer et al.,

2010; Dierks et al., 2012a).

Experimental design

The effects of (inbreeding and) selection on increased

cold tolerance in the adult stage were tested in various

developmental stages, specifically in (i) eggs (tested 1 day

after oviposition), (ii) second- and fourth-instar larvae,

(iii) 1- and 5-day-old pupae and (iv) one- (control) and

7-day-old adults. As proxies of cold tolerance, we used

chill-coma recovery time for adults and survival rates for

the other developmental stages. Adequate cold stress

conditions were selected based on pilot experiments on

each developmental stage (data not shown), aiming at

survival rates of approximately 50%. Throughout, each

individual was tested only once. Eggs for the experiments

outlined below were collected from 100 males and 100

females per line, which were allowed to mate randomly.

Experiment 1: Egg stage
Two hundred eggs per line were collected, being ran-

domly distributed over 10 replicate petri dishes (20 eggs

each) containing moistened filter paper. The petri dishes

were exposed to )1 �C for 90 min on the day following

oviposition and were afterwards returned to 27 �C.

Unsuccessful (dead) eggs were counted 6 days after the

cold shocks had been performed (note that egg develop-

ment is approximately 4 days at 27 �C). Throughout,

petri dishes containing eggs from the different lines were

arranged in a randomized block design.

Experiment 2: Larval stage
Formeasuring survival rates of larvae, second- and fourth-

instar larvae were placed individually in translucent

plastic cups (125 mL) and were exposed for 9 h to )5 �C

in a climate cabinet (Sanyo MIR-553, Sanyo Biomedical,

Mariguchi, Japan). Twenty-four hours after their return to

27 �C, during which larvae had access to a fresh leaf of

maize for feeding, surviving larvae were counted. Sixty

seconds- and 50 fourth-instar larvae were tested per line.

Experiment 3: Pupal stage
One or 5 days after pupation, pupae were individually

placed in translucent plastic cups (125 mL) and were

exposed for 2 h to )3.5 �C in a climate cabinet (Sanyo

MIR-553). After their return to 27 �C, cups were checked

daily for eclosed butterflies. We scored the number of

successfully eclosed individuals. We tested 28–39 male

and 31–37 female 1-day-old pupae and 30–48 male and

30–48 female 5-day-old pupae per line.

Experiment 4: Adult stage
We used chill-coma recovery time for measuring cold

tolerance of butterflies. This method produces highly

repeatable results, has been used successfully in B. any-

nana previously and is considered a reliable proxy for

climatic cold adaptation (e.g. Geister & Fischer, 2007;

Fischer et al., 2010). Unmated 1- and 7-day-old butter-

flies were placed individually in translucent plastic cups

(125 mL) and arranged on a tray in a randomized block

design (maximum of 72 butterflies per block). We

exposed them for 19 h to 1 �C in a climate cabinet

(Sanyo MIR-553) to induce a chill coma. Afterwards, they

were transferred to a room with a constant temperature

of 20 �C to determine recovery times. Recovery time was

defined as the time elapsed between taking the trays out

of the 1 �C climate cabinet until a butterfly was able to

stand on its legs (Geister & Fischer, 2007; Fischer et al.,

2010). Observation time was restricted to a maximum of

60 min. Butterflies that did not recover within this time

span were given the maximum recovery time of 60 min

(if still alive) or were excluded from further analyses (if

dead; typically < 1%). We tested 30–45 males and 30–40

females per line and treatment.

Statistical analyses

Survival rates of eggs, larvae and pupae were analysed

using nominal logistic regressions on binary data (dead or

alive). Selection regime, inbreeding level and sex (only

for pupae) were used as fixed factors and replicate (nested

within selection regime and inbreeding level) as random

factor. Similar general linear models were applied to test

for differences in chill-coma recovery time in the adult

stage. Significant differences between groups were deter-

mined with the Tukey’s HSD post hoc test. Throughout,

means are given ± 1 SE. All statistical tests were

performed using JMPJMP (4.0.0; SAS Institute, Cary, NC,

USA) or STATISTICASTATISTICA (6.1; StatSoft Inc., Tulsa, OK, USA).

Results

Survival rates

Selection regime significantly affected survival rates of

eggs and tended to affect survival rates of young larvae,

but did not influence survival rates of pupae or older

larvae (Table 1; Fig. 1). Contrary to expectations, though,

survival rates after cold exposure of eggs (control lines:

57.3 ± 2.1%; cold-tolerant lines: 43.7 ± 2.3%) and

young larvae (control lines: 58.6 ± 2.0%; cold-tolerant

lines: 53.9 ± 4.4%) were higher in the control lines than
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in the cold-tolerant lines. Inbreeding level significantly

affected survival rates of eggs, young larvae and young

pupae, but not of old larvae and old pupae. Egg survival

rate was highest in the I1 followed by the I2 and finally

the C treatment (I1: 56.9 ± 2.4%; I2: 53.9 ± 2.8%; C:

40.8 ± 2.9%). Like in eggs, young larvae survival was

highest in the I1 followed by the I2 and finally the C

treatment (I1: 59.6 ± 2.8%; I2: 57.5 ± 2.6%; C:

51.7 ± 6.3%). Pupal survival was also highest in the I1,

followed by the C and finally the I2 treatment (I1:

76.0 ± 4.4%; C: 71.0 ± 3.0%; I2: 59.4 ± 4.5%). Varia-

tion between replicate lines was significant in eggs, 2nd-

instar larvae, 4th-instar larvae and 5-day-old pupae. The

significant interaction between selection regime and

inbreeding level for 4th-instar larvae reflects that nega-

tive effects of selection were confined to the I1 and I2

treatments, whereas an opposite pattern was found in

the outbred controls (Fig. 1c). Additionally, a significant

interaction between inbreeding level and sex for 1-day-

old pupae indicates that survival rates of males compared

to females were higher in the I1 and I2, but lower in C

treatment (I1: 82.6% > 68.9%; I2: 63.4% > 55.3%; C:

67.9% < 74.2%).

Chill-coma recovery time

After four generations without selection, chill-coma

recovery time was significantly shorter in 1-day-old

cold-tolerant than in 1-day-old control butterflies (by

15.7%; 1152 ± 24 s < 1366 ± 25 s; Table 2). Despite

similar effect size (recovery time by 15.0% shorter in

cold-tolerant lines than in control lines), there was no

significant effect of selection regime in 7-day-old butter-

flies (1864 ± 42 s = 2191 ± 40 s, note the increase in

SEs; Fig. 2). The latter pattern is at least partly caused by

males, in which cold-tolerant and control individuals had

similar recovery times (cold-tolerant lines 1857 ±

65.1 s = control lines 2042 ± 51.3 s), whilst the differ-

ence was still significant in females (cold-tolerant lines

1870 ± 55.0 s; control lines 2336 ± 58.6 s; Tukey’s HSD

after ANOVAANOVA; significant selection-regime-by-sex interac-

tion). For 1-day-old butterflies, the significant inbreed-

ing-treatment-by-sex interaction indicates that recovery

times tended to decrease with increasing inbreeding level

in males, but to increase in females (males: C:

1291 ± 44.5 s, I1: 1251 ± 48.2 s, I2: 1181 ± 46.6 s; fe-

males: C: 1161 ± 46.3 s, I1: 1209 ± 49.5 s, I2: 1308 ±

48.9 s).

Discussion

Response to selection on increased cold tolerance in

the adult stage

In line with studies using Drosophila (e.g. Anderson et al.,

2005; Mori & Kimura, 2008; Bertoli et al., 2010; Udaka

et al., 2010), artificial selection on increased cold toler-

ance yielded a significant response in B. anynana (Dierks

et al., 2012b). When measured directly after the course of

selection, however, chill-coma recovery time was

approximately 28.9% shorter in the selection as com-

pared to the control lines (Dierks et al., 2012b); however,

the difference was only 15.7% in the current study

undertaken four generations later (as measured in 1-day-

old butterflies, the age at which selection was carried

out). This rather rapid convergence towards control line

levels indicates that the selected genes and alleles had not

yet become fixed in the selection lines and furthermore

(for obvious reasons) a lack of a selective pressure

maintaining increased cold tolerance under laboratory

conditions. Perhaps, there was even selection against

increased cold tolerance, which would be expected if

significant costs were involved (Marshall & Sinclair,

2010; Duncan et al., 2011; Stoks & De Block, 2011).

Table 1 Nominal logistic regressions for the effects of selection

regime and inbreeding level on survival rates after cold exposure in

Bicyclus anynana. Throughout, replicate line (random factor) was

nested within selection regime and inbreeding level. Sex was added

as factor in the analyses of pupal survival rates only (note that sex

determination of eggs and larvae was not possible).

Developmental

stage Factor d.f. Chi-squared P

Eggs Selection regime 1 26.35 < 0.0001

Inbreeding level 2 41.36 < 0.0001

Replicate [Sel., Inbr.] 6 12.84 0.0457

Sel. · Inbr. 2 5.47 0.0649

Larvae (2nd instar) Selection regime 1 3.65 0.0561

Inbreeding level 2 9.91 0.0070

Replicate [Sel., Inbr.] 6 12.70 0.0481

Sel. · Inbr. 2 3.89 0.1429

Larvae (4th instar) Selection regime 1 1.88 0.1705

Inbreeding level 2 0.58 0.7502

Replicate [Sel., Inbr.] 6 15.91 0.0142

Sel. · Inbr. 2 10.23 0.0060

Pupae (day 1) Selection regime 1 0.01 0.9452

Inbreeding level 2 7.68 0.0215

Sex 1 3.21 0.0734

Replicate [Sel., Inbr.] 6 11.84 0.0656

Sel. · Inbr. 2 4.47 0.1077

Sel. · Sex 1 0.00 0.9820

Inbr. · Sex 2 8.61 0.0135

Sel. · Inbr. · Sex 2 2.08 0.3534

Pupae (day 5) Selection regime 1 0.14 0.7122

Inbreeding level 2 4.68 0.0963

Sex 1 0.37 0.5419

Replicate [Sel., Inbr.] 6 24.59 0.0004

Sel. · Inbr. 2 2.46 0.2930

Sel. · Sex 1 0.22 0.6414

Inbr. · Sex 2 3.73 0.1553

Sel. · Inbr. · Sex 2 2.71 0.2580

Significant P-values are given in bold.
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However, a previous study could not detect any such

costs in an array of traits (Dierks et al., 2012b).

In seven- as compared to 1-day-old butterflies, a

similar pattern was observed (by 15.0% faster recovery

in the selection lines), although the difference between

selection and control lines was here significant in females

only. The lack of a significant main effect of selection

regime thus seems to be caused by a differential response

across the sexes in combination with an increase in

variance and the low statistical power of ANOVAANOVAs involv-
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Fig. 1 Survival rates of eggs (a), 2nd-instar

larvae (b), 4th-instar larvae (c), 1-day-old

pupae (d) and 5-day-old pupae (e) in Bicyclus

anynana in relation to inbreeding level

(C: outbred control; I1: one full-sib mating;

I2: two full-sib matings) and selection

regime.

Table 2 Nested analyses of variance for the effects of selection

regime (fixed), inbreeding level (fixed), sex (fixed) and replicate line

(random) on cold stress resistance in 1- and 7-day-old Bicyclus

anynana butterflies. Throughout, replicate line was nested within

selection regime and inbreeding level.

Age Factor MS d.f. F P

1 day old Selection regime 49354.4 1,6 20.55 0.0037

Inbreeding level 319.5 2,6 0.13 0.8780

Replicate [Sel., Inbr.] 2418.9 6,889 1.52 0.1688

Sex 323.9 1,889 0.20 0.6522

Sel. · Inbr. 1694.6 2,6 0.71 0.5301

Sel. · Sex 108.6 1,889 0.07 0.7941

Inbr. · Sex 9231.8 2,889 5.80 0.0032

Sel. · Inbr. · Sex 683.2 2,889 0.43 0.6513

Error 1593.0 889

7 days old Selection regime 5401.3 1,6 2.50 0.1648

Inbreeding level 1043.5 2,6 0.48 0.6391

Replicate [Sel., Inbr.] 2161.6 6,753 1.59 0.1459

Sex 1339.5 1,753 0.99 0.3206

Sel. · Inbr. 89.7 2,6 0.04 0.9596

Sel. · Sex 9066.4 1,753 6.69 0.0099

Inbr. · Sex 2783.6 2,753 2.05 0.1291

Sel. · Inbr. · Sex 541.2 2,753 0.40 0.6710

Error 1356.0 753

Significant P-values are given in bold.
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Fig. 2 Means (+ 1 SE) for chill-coma recovery time (CCRT) in 1- (a)

and 7-day-old (b) Bicyclus anynana butterflies in relation to

inbreeding level (C: outbred control; I1: one full-sib mating; I2: two

full-sib matings) and selection regime.
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ing random factors (Charmantier et al., 2006; Descamps

et al., 2008). Note in this context the striking effect of age,

with chill-coma recovery time being 61% longer in

7-day-old than in 1-day-old butterflies. As individual

performance is expected to decrease with age because of

senescence, that is, a decline in physiological functions

(Descamps et al., 2008), this effect was expected. Under

laboratory conditions, B. anynana typically lives and

reproduces for 3–4 weeks (Ferkau & Fischer, 2006;

Fischer, 2007), but survival in the field can be expected

to be much shorter, averaging at around 10 days in many

butterfly species (Brakefield & Reitsma, 1991; Fischer &

Fiedler, 2001). Therefore, a difference in 6 days is

considered to be ecologically highly relevant. Previous

studies on effects of age on chill-coma recovery times

though yielded contradictory results, thus challenging

the notion of a linear correlation between age and cold

tolerance (Fischer et al., 2010; Lalouette et al., 2010). In

summary, artificial selection applied in the adult stage

clearly increased cold tolerance in this stage. However,

does this also confer increased cold tolerance in other

developmental stages?

Effects on cold tolerance during development

In our study, we found no evidence for increased cold

tolerance in either the egg, larval or pupal stage as a

consequence of selection on shorter chill-coma recovery

time in the adult stage. Note that we have necessarily

measured different traits, namely cold stress survival

during egg, larval and pupal development and chill-coma

recovery time in the adult stage. However, both traits are

clearly related, for which there is direct evidence in

B. anynana (Fischer et al., 2010). Although positive

effects were thus lacking throughout, increased cold

tolerance in the adult stage was even associated with

reduced cold stress survival for eggs, with corresponding

tendencies being found in young larvae (except in the I2

treatment) and furthermore in all other developmental

stages investigated (though not in all groups). Similarly,

Watson & Hoffmann (1996) found a negative effect of

selection for increased cold tolerance in Drosophila, with

selected lines having a lower fecundity compared to

control lines. In our study, increased cold tolerance in the

adult stage seems to come at a cost in terms of a reduced

cold tolerance during development.

In another study using Drosophila, in contrast, positive

correlated responses to selection on increased cold

tolerance were found, with an increase in cold tolerance

across developmental stages after 52 generations of

selection (Tucic, 1979). Note though that in this study,

selection was applied to all stages (eggs, larvae, pupae

and adults) using predefined survival rates. Effects were

strongest in the adult stage and moreover more pro-

nounced in the stages closer to the ones in which

selection took place (Tucic, 1979). Against this back-

ground, our results seem counter-intuitive, which might

be caused by (i) the involvement of different mechanisms

in cold stress survival vs. chill-coma recovery time,

although both traits are related (Hoffmann et al., 2002;

Anderson et al., 2005; Fischer et al., 2010), (ii) the

involvement of different mechanisms facilitating cold

tolerance in the adult stage and during development

(note that Gilchrist et al., 1997 revealed clear effects of

thermal experimental evolution in the adult but not in

the egg stage), and (iii) the presence of resource alloca-

tion trade-offs with an enhanced investment into adult

cold tolerance leaving less resources available for off-

spring provisioning.

Distinguishing between these possibilities will be an

important task for future research. However, based on

the (at least partly) negative effects of increased adult

cold tolerance on offspring performance during develop-

ment, being most pronounced in early developmental

stages, we favour for the time being a resource-based

explanation. A wealth of studies indicates that allocation

trade-offs, with energy-demanding functions competing

for limited energy resources, play an important role in

life history evolution (Stearns, 1989, 1992; Roff, 2002,

2007; Roff & Fairbairn, 2007). Consequently, resources

allocated to increased cold tolerance in the adult stage

may not be available anymore for offspring provisioning,

which may in turn diminish subsequent offspring per-

formance. Such effects should be most pronounced in

early developmental stages, which is indeed the case

here.

Effects of inbreeding

As mentioned above, results on inbreeding are included

here because of the initial set-up of the selection

experiment, which had included effects of inbreeding

on the response to selection (Dierks et al., 2012b). After

14 generations of random mating, we found significant

differences between inbreeding groups in the survival

rates of eggs, 2nd-instar larvae and 1-day-old pupae.

Whereas in pupae survival rates were significantly lower

in the I2 compared to the other treatments, egg and 2nd-

instar larvae survival was lower in the control compared

to the inbred groups. Whether these differences reflect

effects of initial inbreeding though is questionable, given

the rather long period of random mating, which should

on principle set off any inbreeding effects (see also

Phillips et al., 2001). Therefore, it seems more likely that

the above differences result from random genetic drift

within lines.

Note in this context that inbreeding yielded pro-

nounced negative effects on, for example, egg hatching

success immediately after full-sib matings (Dierks et al.,

2012a), but that such effects were not detectable

anymore after the course of selection (Dierks et al.,

2012b). Additionally, nonadditive effects may play a

major role in inbreeding depression of B. anynana (Dierks

et al., 2012b).
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Conclusions

Our study shows that, despite a significant response to

selection on increased cold tolerance in the adult stage,

there was no correlated positive response in other

developmental stages. In contrast, increased adult cold

tolerance tended to decrease cold tolerance during

development, especially so during early development.

This finding suggests a cost of increased adult cold

tolerance, presumably reducing resource availability for

offspring provisioning and stress tolerance in other

developmental stages. Our results thus highlight that

increased performance in a specific trait may be traded off

not only against other energy-demanding functions but

also against performance throughout ontogeny, which

may substantially affect optimal responses to selection

pressures (Marshall & Sinclair 2010; Stoks & De Block,

2011).
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ORIGINAL ARTICLE

Inbreeding interferes with the heat-shock response

Kristin Franke and Klaus Fischer

Inbreeding is typically detrimental to individual fitness, with negative effects being often exaggerated in stressful environments.

However, the causal mechanisms underlying inbreeding depression in general and the often increased susceptibility to stress in

particular are not well understood. We here test whether inbreeding interferes with the heat-shock response, comprising an

important component of the stress response which may therefore underscore sensitivity to stress. To this end we subjected the

tropical butterfly Bicyclus anynana to a full-factorial design with three temperatures and three levels of inbreeding, and

measured the expression of heat-shock protein (HSP) 70 via qPCR. HSP70 expression increased after exposure to heat as

compared with cold or control conditions. Most strikingly, inbreeding strongly interfered with the heat-shock response, with

inbred individuals showing a very weak upregulation of HSP70 only. Our results thus indicate that, in our study organism,

interference with the heat-shock response may be one mechanism underlying reduced fitness of inbred individuals, especially

when exposed to stressful conditions. However, these indications need to be corroborated using a broader range of different

temperatures, genes and taxa.

Heredity (2014) 0, 000–000. doi:10.1038/hdy.2014.72

INTRODUCTION

In modern human-transformed landscapes, the populations of many

species are under various pressures including habitat loss and

degradation, resulting in increasingly small and isolated populations

(Mikkelsen et al., 2010). Small population size, in turn, increases the

risk of genetic erosion through drift and inbreeding (Hoffmann and

Hercus, 2000). While the effects of reduced genetic variation for

population survival are not always obvious and thus a matter of

debate, a wealth of studies has reported negative effects of inbreeding

on fitness-related traits (Armbruster and Reed, 2005; Fox and Reed,

2011). Inbreeding reduces for instance fecundity, egg hatching success

and body mass, and may increase susceptibility to stressful or

changing environmental conditions (Fox and Reed, 2011).

In nature, environmental stress is often caused by extreme

temperatures (David et al., 1998). Temperature generally is an

important environmental factor affecting various traits such as

foraging activity, migration, growth, metabolism or survival

(Atkinson, 2008). To buffer detrimental effects of temperature stress

organisms have evolved several mechanisms, among which the heat-

shock response appears to be a particularly important one (Lindquist,

1986). Heat-shock proteins (HSPs) are highly conserved among

organisms and are activated under stressful conditions such as heat,

cold or chemical stress (Sørensen et al., 2003; Koštál and Tollarová-

Borovanská, 2009). Out of the six families of HSPs, the HSP70 family

is the most frequently investigated one (for example, Kristensen et al.,

2003; Koštál and Tollarová-Borovanská, 2009). The inducible HSP70

works like a chaperone and assists in protein (re-)folding, alignment

and synthesis (Sørensen et al., 2003).

Inbreeding depression is often more pronounced under stressful

than under benign environmental conditions (Armbruster and Reed,

2005; Fox and Reed, 2011). However, the mechanisms underlying

such increased sensitivity to environmental (including temperature)

stress and inbreeding depression in general are not well understood

(for example, Vermeulen and Bijlsma, 2004; Kristensen et al., 2005).

Based on its crucial importance for cell functioning and the ability to

deal with an array of stressors (Sørensen et al., 2003), the heat-shock

response could principally represent such a mechanism. Thus, if

inbreeding would negatively affect the heat-shock response, this could

well underlie detrimental effects on individual performance and

increased sensitivity to stress.

Against this background, we here investigate the effects of

inbreeding and temperature on HSP70 expression in the tropical

butterfly Bicyclus anynana. This species shows substantial inbreeding

depression even at relatively mild levels of inbreeding, resulting in

reduced egg hatching success, pupal and thorax mass and fat content

(Dierks et al., 2012; Franke and Fischer, 2013). Note in this context

that tropical species may be, in general, more strongly affected by

inbreeding than more widespread species (Bechsgaard et al., 2013).

Furthermore, temperature stress resistance responds readily to

environmental manipulations in this species (Fischer et al., 2010;

Franke and Fischer, 2013). We specifically test the hypothesis that

inbreeding interferes with the heat-shock response. To quantify

HSP70 expression we used quantitative real-time reverse transcription

PCR (qPCR; Huggett et al., 2005), investigating expression levels

relative to a reference group (Livak and Schmittgen, 2001).

MATERIAL AND METHODS
Study organism
Bicyclus anynana (Butler, 1897; Nymphalidae, Satyrinae) is a tropical Q2fruit-

feeding butterfly, ranging from southern Africa to Ethiopia (Larsen, 1991). The

species inhabits regions with alternating dry and wet seasons and shows

accordingly two seasonal morphs. During the colder dry season (B18 1C, May
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until November) the species has rather uniform wing patterns and small

eyespots, whereas it exhibits large eyespots and bright bands on both wings in

the warmer wet season (B23 1C, December until April; Lyytinen et al., 2004).

During the dry season, reproduction ceases and butterflies do not mate before

the onset of the next wet season (Brakefield and Kesbeke, 1997). A stock

population of B. anynana was founded at Greifswald University in 2007 from

several hundred individuals derived from a well-established stock population at

Leiden University, The Netherlands. The latter was founded in 1988 from over

80 gravid females collected at a single locality in Nkhata Bay, Malawi. To

maintain high levels of heterozygosity, several hundred adults are reared in

each generation (Van’t Hof et al., 2005). For this experiment animals from the

Greifswald stock population were used.

Experimental design
To investigate effects of inbreeding and temperature on the expression of heat-

shock protein (HSP70), three inbreeding levels were established by means of

full-sib matings: inbreeding level 2 resulting from two full-sib matings in

consecutive generations (‘I2’; F¼ 0.38), inbreeding level 1 resulting from one

full-sib mating (‘I1’;F¼ 0.25) and outbred controls resulting from random

mating (‘C’; F¼ 0). Expected inbreeding coefficients (F) were calculated

assuming that the stock population has an inbreeding level of zero

(Kristensen et al., 2003). The different inbreeding levels were set up from

the stock population as follows. First, 80 virgin females and males each were

randomly selected from the stock population and set up in a cylindrical

hanging cage (30� 39 cm) for mating. The first 50 pairs to mate were isolated

and placed individually in translucent 1-litre plastic containers. After mating,

males were removed from the containers, while females were provided with a

leaf of maize for egg-laying and with moist banana for adult feeding. The eggs

produced by individual females were afterwards transferred to elongated,

sleeve-like gauze cages containing a young maize plant for further develop-

ment. Consequently, each ‘sleeve’ cage represented one full-sib family.

The butterflies resulting from the above families were used to set up the ‘I2’

treatment by mating one virgin brother to one virgin sister per full-sib family

(1st full-sib mating). We performed two such full-sib matings per family to

ensure a sufficiently high number of inbred families, but one replicate per

family was discarded after having tested for hatching success. Following the

first full-sib mating, the above procedure was repeated once (2nd full-sib

mating). Parallel to the second generation of the ‘I2’ treatment, the ‘I1’

treatment was set up as described above by mating random virgin males and

females and rearing full-sib families in ‘sleeve’ cages. Thereafter, the control

treatment was set up by mating random, virgin stock individuals. This

staggered design resulted in 33 ‘C’ families, 36 ‘I1’ families and 46 ‘I2’

families, which were available for testing simultaneously. Per family, 40 larvae

were reared in the aforementioned ‘sleeve’ cages, being fed with young maize

plants ad libitum. Resulting pupae were collected daily and weighed on day 1

after pupation to the nearest 0.1mg (balance: KERN 410). Afterwards, pupae

were kept individually in translucent plastic cups (volume 125ml) covered

with gauze. Upon adult eclosion, pupal development time and sex were scored.

On the day following adult eclosion, butterflies were randomly divided

among three treatment groups being exposed for 2 h to1 1C (cold stress), 27 1C

(control) or 39 1C (heat stress). The control temperature used here reflects the

average daily highs during the favourable wet season in the butterfly’s natural

habitat and is known to be very beneficial to development and reproduction

(Brakefield and Kesbeke, 1997). The cold and the high temperature used were

selected to induce severe stress, which is typically needed to upregulate heat-

shock protein expression (Feder and Hofmann, 1999). The high temperature

of 39 1C certainly involves substantial stress and cannot be survived in the

longer term (own results). However, it is likely that such high temperatures

regularly occur in the butterfly’s natural environment, whereas 1 1C is probably

not encountered in nature. Butterflies were frozen immediately after tempera-

ture exposure in liquid nitrogen and stored at �80 1C for later analyses.

Rearing and maintenance took place in a single climate room under conditions

mimicking the wet season (that is, at 27 1C, 70±5% relative humidity, and a

photoperiod of L12:D12). Butterflies were fed with moist banana throughout.

Quantification of HSP expression
The expression of HSP70 was measured by quantitative real-time reverse

transcription polymerase chain reaction (qPCR). First, legs, wings and head

were removed from each butterfly and abdomen and thorax were separated.

Between 9.8 and 19.8mg, thorax tissue was used for RNA isolation using the

innuPREP RNA Mini Kit (Analytik Jena AG, Jena, Germany) according to the

manufacturer’s instructions. Total RNA was quantified with a Nano Drop

spectrophotometer (peqlab, ND-1000). The OD260/OD280 ratio (that is, the

ratio of the optical densities measured at 260 and 280 nm, respectively) ranged

between 2.06 and 2.33. The total RNA was diluted to 250ngml�1, and 4ml of

the diluted RNA was used for the conversion into cDNA. For cDNA

conversion, the RevertAid First Strand cDNA Synthesis Kit and an oligo

(dt)12-18primer (Thermo Q3Scientific, MA, USA) was used following the

manufacturer’s instructions.

qPCR was carried out using the Sensi FAST SYBR Lo-Rox Kit (Bioline,

London, UK). To establish primers for HSP70, we blasted known HSP70

sequences from several species against the available sequences of B. anynana in

the NCBI database (http://www.ncbi.nlm.nih.gov/). Afterwards we created

different backward and reverse primer pairs with the program Primer 3 (http://

bioinfo.ut.ee/primer3-0.4.0/) for testing. The best results were achieved when

using the HSP70 sequence of the firebug Pyrrhocoris apterus (http://

www.ncbi.nlm.nih.gov, FJ386397.1). In qPCR analyses it is important to

normalize the expression of the target gene by using a reference gene to avoid

false interpretations based on experimental artefacts (Ullmannová and

Haškovec, 2003; Huggett et al., 2005). Such reference genes, being used as

internal standard, are typically housekeeping genes and should exhibit constant

levels of expression across treatment groups (Ullmannová and Haškovec, 2003;

Huggett et al., 2005). Here we used the housekeeping gene Actin A1 as

reference gene. Primers for Actin A1 were derived from Teng et al. (2012); see

Table 1 for the primers used).

Two master mixes (for HSP70 and Actin A1) were used for qPCR analyses.

Per Q4mix, we used 10ml of the Sensi FAST SYBR Lo-Rox Kit (Bioline), 0.5ml

each of the respective forward and reverse primer (100 pmolml�1), and 8ml

aqua dest. per well of a 96-well plate (Frame Star Fast Plate 96, 4titude, Surrey,

UK); we used 19ml master mix and 1ml cDNA. We ran two replicates for

HSP70 and Actin A1 expression each per individual. Consequently, 21 animals

were measured per plate together with 12 non-template controls. These

controls contained RNAse free water instead of cDNA. Plates were sealed

(q-stick adhesive for qPCR, 4titude) and afterwards centrifuged for a few

seconds to make sure that all liquid is inside the well (MPS 1000, Labnet Q5,

USA). Then, plates were incubated at 95 1C for 2min and subsequently run on

an Applied Biosystems 7500 Real-Time PCR System (Life Technologies, USA),

using 45 cycles of 5 s at 95 1C and of 30 s at 60 1C each.

Statistical analyses
We calculated the relative quantification (RQ) of HSP70 as follows:

DCT Sample ¼ CT SampleHSP �CT Sample HKG ð1Þ

DCT Control Sample ¼ CT Control SampleHSP �CT Control Sample HKG ð2Þ

DDCT ¼ DCT Sample �DCT Control Sample ð3Þ

RQ ¼ 2�DDCT ð4Þ

(CT SampleHSP: cycle threshold of samples for the HSP70 primer; CT Sample HKG:

cycle threshold of samples for the housekeeping gene primer, Actin A1;

CT Control SampleHSP: cycle threshold of control (outbred and 27 1C) samples for

the HSP70 primer; CT Control Sample HKG: cycle threshold of control samples for

the housekeeping gene primer).

Table 1 Primer sequences for the target gene heat-shock protein

(HSP) 70 and the selected housekeeping gene Actin A1

Gene Forward primer (50–30) Reverse primer (50–30)

HSP 70 AGAGAACAGCACCGGAAGAA CGCTTGTTTGACGCTGAATA

Actin A1 GAGAGGGAAATCGTTCGTGACATC AGGAAGGAAGGCTGGAAGAGAG
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Per plate we measured samples from all treatment groups simultaneously,

though for males and females separately. To calculate DCT Control Sample, the

respective control samples (outbred individuals kept at 27 1C) per plate were

used. For subsequent statistical analyses we calculated the mean RQ value per

individual, based on both replicate samples. Resulting expression data were

analysed using a three-way analysis of variance with inbreeding level,

temperature treatment and sex as fixed factors.

RESULTS

HSP70 expression was significantly affected by inbreeding level and

temperature treatment (Table 2). Outbred controls tended to show a

higher HSP70 expression than inbreeding levels 2 and 1 (C:

97669±60670¼ I2: 3299±2411¼ I1: 396±178; Tukey HSD after

analysis of variance), and heat-exposed individuals a higher one than

cold-exposed and control individuals (39 1C: 99210±59297¼ 1 1C:

202±132¼ 27 1C: 28±14; Tukey HSD after analysis of variance).

Most strikingly though the upregulation of HSP70 at 39 1C was much

higher in control compared with inbred individuals (significant

inbreeding level by temperature regime interaction, Figure 1).

DISCUSSION

The most striking result of our study is that inbreeding clearly

interfered with HSP70 expression in B. anynana: animals from both

inbreeding levels showed a minimal upregulation of HSP70 after heat

exposure only, being reduced to B2% (I1: 0.4%; I2 3.4%) compared

with outbred individuals. Inbreeding is well known to negatively

affect fitness-related traits, including body mass, fecundity, fat

content, survival and stress tolerance (for example, Franke and

Fischer, 2013). Several lines of evidence suggest that such detrimental

effects may be especially pronounced when individuals are exposed to

stressful environmental conditions including heat (Armbruster and

Reed, 2005; Fox and Reed, 2011). In Drosophila, for instance, inbred

individuals may express conditional lethality under heat stress

(Vermeulen and Bijlsma, 2004).

However, we are only beginning to understand which mechanisms

and pathways may underlie the reduced fitness of inbred individuals

(Calleri et al., 2006). Recent studies showed that several pathways may

be upregulated in inbred as compared with outbred Drosophila

individuals, whereas others, though less commonly occurring, are

downregulated (Kristensen et al., 2005, 2006; Pedersen et al., 2005;

Garcı́a et al., 2012). Similarly, Ayroles et al. (2009) showed that

inbreeding depression results in an overexpression of many genes

associated with metabolism, stress or defence mechanisms.

Interestingly, some studies have documented increased HSP70

expression following inbreeding, which has been interpreted as part

of a more general stress response which may include even ‘genetic

stress’ caused by inbreeding (Kristensen et al., 2002; Cheng et al.,

2006; but Bahrndorff et al., 2010). However, a higher HSP70

expression in inbred compared with outbred Drosophila larvae were

only found at less stressful intermediate temperatures, whereas they

disappeared under more stressful conditions (Kristensen et al., 2002;

Cheng et al., 2006). The strikingly different pattern found in our

study may thus suggest that, under low levels of environmental stress,

inbreeding may cause increased HSP expression, whereas the response

system may collapse completely in inbred individuals under high

levels of stress. Note in this context that the high temperature used in

our study was certainly very stressful for B. anynana. In addition,

divergent inbreeding levels used may have contributed to the

differences among studies.

Our study suggests that interference with the heat-shock response

may be one mechanism underlying reduced fitness and increased

mortality in stressful environments found in inbred individuals, at

least in our study organism. Studies on B. anynana revealed increased

mortality after heat exposure and reduced cold stress resistance in

inbred compared with outbred individuals (Dierks et al., 2012; Franke

and Fischer, 2013). Note that the heat-shock response is of wide-

ranging importance for individual fitness as it generally supports

protein function under stressful conditions (Kristensen et al., 2003;

Ju et al., 2011). HSPs support the correct refolding of proteins and the

alignment of newly synthesized proteins, and are upregulated by

various stressors such as heat, UV radiation, ethanol or parasitism

(Sørensen et al., 2003).

As expected HSP expression was strongly upregulated in (outbred)

individuals exposed to heat in our study (Sørensen et al., 2009),

which typically helps to maintain vital functions under heat stress.

Several studies have found a positive correlation between heat

tolerance and HSP70 expression (Bahrndorff et al., 2009), whereas

others have shown opposite or no correlations (Dahlgaard et al., 1998;

Bahrndorff et al., 2009, 2010). Using the same treatments as herein a

previous study on B. anynana, we showed that exposure for 2 h to

39 1C strongly increased subsequent heat-stress survival (Franke and

Fischer, 2013), suggesting that a positive relationship between HSP70

expression and heat tolerance exists also in our study organism. Thus,

an upregulation of HSPs may underlie the positive association

between pre-exposure to heat stress (‘hardening’) and the increased

subsequent heat tolerance (cf. Ju et al., 2011).

In addition to heat, HSP expression may also increase after

exposure to cold, though responses are typically relatively weak

(Feder and Hofmann, 1999; Karl and Fischer, 2009). We here Q6could

not find an upregulation of HSP70 after exposure to 1 1C.This could

be due to the fact that either (1) the temperature (1 1C) and/or the

Table 2 Analysis of variance for the effects of inbreeding level

(inbreed.), temperature treatment (temp.) and sex on HSP70

expression in the butterfly Bicyclus anynana

MS DF F P-value

Inbreeding level 2.85�1011 2 5.71 0.0042

Temperature 2.72�1011 2 6.30 0.0025

Sex 9.32�1010 1 2.16 0.1444

Inbreed.� temp. 2.32�1011 4 5.38 0.0005

Inbreed.� sex 8.38�1010 2 1.94 0.1481

Temp.� sex 9.03�1011 2 2.09 0.1280

Inbreed.� temp.� sex 7.99�1010 4 1.85 0.1232

Error 4.32�1010 130

Significant P-values are given in bold.
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Figure 1 Expression of heat-shock protein (HSP) 70 in the butterfly

Bicyclus anynana measured as relative quantification (RQ; means±s.e.) in

relation to inbreeding and temperature. Note the logarithmic scale.
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exposure time used (2 h) were not severe enough to elicit an

emergency response, that (2) mechanisms other than the heat-shock

response underscore plastic responses in cold tolerance in this species

(cf. Colinet et al., 2010) or (3) methodological issues. Regarding the

latter it should be noted that the upregulation of HSPs after cold

exposure typically occurs at the end of the stress period or during

recovery (Colinet et al., 2010). As in our study individuals were cold-

stressed for 2 h only and afterwards frozen without a recovery time,

the experimental design used may perhaps best explain the lack of

effect.

Our study shows pronounced differences in HSP expression among

temperature treatments and inbreeding levels in a tropical butterfly.

Specifically, we show that pre-exposure to heat increased both HSP

expression and heat-survival rate, and that inbred individuals

expressed much less HSP under severe heat stress and were also less

heat-tolerant than outbred ones (cf. Franke and Fischer, 2013). Most

strikingly, we showed, using relatively mild and ecologically realistic

levels of inbreeding, a strongly pronounced interference between

inbreeding and the heat-shock response in our study organism: inbred

individuals showed no upregulation of HSPs after heat stress.

However, as our stock population has been kept under laboratory

conditions for a long time, inbreeding, drift or laboratory adaptation

may have changed the genetic constitution. Anyway, as the heat-shock

response is of crucial importance for maintaining vital functions

under heat and other stressors, we suggest that negative impacts of

inbreeding on the heat-shock response may comprise an important

mechanism underlying inbreeding depression such as increased

mortality under stress in B. anynana. Clearly though more empirical

data is needed exploring this relationship in an array of taxa before

more general conclusions can be drawn. Such studies should use a

broader range of temperatures and inbreeding levels, and should

explore the effects of inbreeding in different important pathways.
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