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Abstract 

Global climate change is omnipresent all over the world and is affecting and 

challenging organisms in various ways. Species either have to adapt to the changing 

environmental conditions or move to new habitats in order to avoid extinction. 

Possible ways for an organism to react can be dispersal, phenotypic plasticity, 

genetic adaptation or a combination of these factors. Among the various 

consequences of climate change, especially changes in temperature affect plenty of 

species. In ectotherms, the body temperature and associated mechanisms are 

strongly dependent on environmental conditions.  

The aim of this work was to investigate the mechanisms underlying adaptation to 

thermal variation and heat stress in the widespread butterfly species Pieris napi. 

Focusing on indicators of individual condition, including morphology, physiology and 

life history traits, the purpose was to specify whether the species’ responses to 

temperature variation have a plastic or genetic basis. In the first experiment, 

phenotypic variation along a latitudinal and altitudinal cline was investigated. Yellow 

reflectance of wings was negatively correlated with wing melanisation, providing 

evidence for a trade-off between a sexually selected trait (yellow color) and 

thermoregulation (black color). Body size decreased with increasing latitude and led 

to the assumption that warmer conditions are more beneficial for P. napi than cooler 

ones. An increased flight performance at higher altitudes but not latitudes may 

indicate stronger challenges for flight activity in high-altitude environments.  

The second experiment focused on clinal variation and plasticity in morphology, 

physiology and life history in F1-generation individuals reared in captivity at different 

temperatures. It could be shown that individuals from cooler environments were less 

heat-tolerant, had a longer development but were nevertheless smaller, and had 

more melanised wings. These differences were genetically-based. Furthermore, it 

could be shown that a higher developmental temperature speeded up development, 

reduced body size, potential metabolic activity, and wing melanisation but increased 

heat tolerance, documenting plastic responses.  

In a third experiment, we examined physiological responses to heat stress. A 

transcriptome analysis revealed an upregulation in molecular chaperones under hot 

conditions, whereas antioxidant responses and oxidative damage remained 

unaffected. The antioxidant glutathione (GSH) though was reduced under both cold 

and hot conditions. Interestingly, Swedish individuals were characterized by higher 
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levels of GSH, lower early fecundity, and lower larval growth rates compared with 

German or Italian populations, suggesting a ‘pace-of-life’ syndrome. Thus, the 

individuals from warmer regions show the opposite pattern with a lower investment 

into maintenance but a faster lifestyle.  

In summary, we found clinal variation in body size, growth rates and concomitant 

development time, wing aspect ratio, wing melanisation and heat tolerance. The 

effects of high developmental temperature very likely reflect adaptive phenotypic 

plasticity. When speeding up development; heat tolerance is increasing while body 

size, potential metabolic activity and wing melanisation are decreasing.  

Overall, body size of P. napi individuals decreased from south to north while the 

melanisation of the wings increased. Furthermore, we found a connection between 

increased wing melanisation and decreased yellow reflectance, most likely caused by 

a trade-off between the two. We could confirm that P. napi individuals from warmer 

environments were more heat-tolerant and larger than individuals from colder 

environments.  

Due to increasing temperatures and heat waves becoming more frequent in the 

future, being able to cope with such conditions will be advantageous. As warmer 

conditions had positive effects on individual development, P. napi may benefit from 

global warming, but its association with moist habitats suggests negative 

consequences of climate change. We could also reveal pronounced plastic and 

genetic responses in P. napi, which may indicate high adaptive capacities. Thus, 

increasing temperature may not be too problematic for the species, as it seems to be 

rather well equipped to deal with such challenges. However, as climate change 

entails changes in precipitation / humidity along with temperature changes, such 

issues need further investigation.  
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1. Introduction 

 

Anthropogenic climate change and organismal responses  

Recent global climate change causes an increase of the earth’s surface temperature, 

a sea level rise and changes in precipitation magnitudes all over the world (Meehl & 

Tebaldi, 2004; Trenberth, 2011). Accordingly, organisms in nearly all ecosystems are 

faced with a rapid changing environment. Floods, droughts, forest fires and 

temperature extremes will be only some consequences of human induced global 

warming (Rahmstorf & Coumou, 2011; Hansen et al., 2012). Ecosystems and 

biodiversity are not only endangered by climate change. There are many other 

human-induced threats to the environment which represent further challenges. 

Extensive land use changes, deforestation, pollution, habitat fragmentation, and 

species overharvesting are additional menaces for biodiversity (Hansen et al., 2012).  

 

One of the major future threats of biodiversity are longer lasting heat events. 

Robinson (2001) defined a heat wave as an “[…] extended period of unusually high 

atmosphere-related heat stress, which causes temporary modifications in lifestyle 

and which may have adverse health consequences for the affected population.” 

Extremely high temperatures during heat waves may exceed the thermal / 

physiological tolerance of many species and possibly cause (local) species 

extinctions (Sinervo et al., 2010). However, moderately increased mean 

temperatures probably will not have strong negative effects on biodiversity (Huey et 

al., 2009; Chown et al., 2010). Hence, the organisms’ survival depends on their ability 

to respond to novel and changing environmental conditions, and especially to heat 

stress. Responses to new or altered environments include phenotypic plasticity, 

genetic adaptation, and dispersal (range shifts). The latter is often connected to 

range expansions towards more suitable habitats, and may allow individuals to track 

their shifting climate niche (Warren et al., 2001; Fischer & Karl, 2010). However, for 

sessile or less dispersive species this opportunity cannot be realized. Moreover, if 

necessary resources (e.g. host plants) react slower than the focal species, dispersal 

can also not take place (Parmesan et al., 1999) and phenotypic plasticity and genetic 

adaptation become more important for such organisms.  

The focus of my thesis will be on two of the above-mentioned options - phenotypic 

plasticity and genetic adaptation. 
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Phenotypic plasticity 

Phenotypic plasticity describes the ability of a single genotype to respond to 

changing environmental conditions by producing different phenotypes. It is a within-

life time process and whether plasticity is adaptive depends on a number of factors, 

like costs and environmental conditions (Caswell, 1983; Via & Lande, 1985; Atkinson, 

1994). The flexibility to respond rapidly to different environments could be decisive in 

the current era of anthropogenic climate change due to the fact that, if it is adaptive, it 

enhances the performance of an individual in the environment in which changes were 

induced (Bradshaw, 1965; Pigliucci, 2001) without any genetic differentiation (Price et 

al., 2003). These plastic responses can occur in morphology, physiology, life history, 

and growth (Hoffmann et al., 2002, 2005; Sambucetti et al., 2006). The fast reaction 

provides a tool for buffering detrimental effects but is considered to be costly (Liefting 

et al., 2009; Ellers & Stuefer, 2010). For example, maintenance costs, energy and 

material expenses are needed to maintain regulatory and sensory processes or 

information acquisitions costs (DeWitt et al., 1998; Pigliucci, 2005). Animals from 

stable environments may therefore show no or less plasticity because it could 

produce unnecessary costs, whereas wide-ranging organisms facing variable 

environments are expected to display higher plasticity because of unpredictable 

environmental conditions (Ghalambor et al., 2006). 

 

Genetic adaptation 

A long-term opportunity to react to changing environmental conditions is genetic 

adaption. The principle force behind genetic adaptation is natural selection of 

beneficial genotypes or alleles, which occur in a population by recombination, 

mutation or migration (Jarosz et al., 2010; Carja et al., 2014). Similar to phenotypic 

plasticity, genetic adaptation determines the fitness of an individual in its given 

environment (Orr, 2009). Distinguishing between genetic adaptation and phenotypic 

plasticity can be difficult in natural populations. To disentangle both, common garden 

or transplant experiments can be used (Moloney et al., 2009). In contrast to 

phenotypic plasticity, genetic (evolutionary) adaptation is considered to be less 

costly, but is often dependent on rather stable or homogenous environments to 

evolve (DeWitt et al., 1998; Relyea, 2002).  
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Variable selection pressures can lead to locally adapted populations with a higher 

relative fitness compared to genotypes from other environments (Kawecki & Ebert, 

2004). This process is named local adaptation. Through natural selection phenotypes 

adjust to environmental conditions (Hoffmann et al., 2005; Sambucetti et al., 2006) 

and this could result in genetic adaptation, and / or external characteristics of 

adaptive phenotypic plasticity. They may also improve the performance of an 

individual in the environment in which those changes were induced (Pigliucci, 2001). 

Recent studies have shown that adaptive evolution can be faster than expected 

(Reznick & Ghalambor, 2001; Gingerich, 2009). However, if the rate of adaption will 

be high enough to adjust to future environmental circumstances remains 

questionable (Chevin et al., 2010; Salamin et al., 2010).  

 

Focal traits  

The predicted temperature changes and extremes are a threat to biodiversity in 

different ways (see above). We here focus on temperature, as it affects important 

traits like growth, reproduction, species abundances and induces physiological stress 

responses in organisms (Angilletta Jr et al., 2002; Parmesan, 2006; Jia et al., 2011). 

Especially insects are at risk because all essential physiological processes such as 

locomotion, growth, and reproduction are dependent on environmental temperature. 

 

Body size and development time 

One of the most important traits for insects is body size since it correlates with fitness 

(Reeve et al., 2000; Kingsolver & Huey, 2008). For instance, larger insects have a 

clear advantage when it comes to mating success or fecundity (Whitman, 2008; 

Beukeboom, 2018). Body size is a plastic trait and dependent on environmental 

conditions (Atkinson, 1994; Stillwell & Fox, 2009). The temperature-size rule states 

that ectotherms which developed at lower temperatures are predicted to be larger as 

adults (Atkinson, 1994; Angilletta & Dunham, 2003). In other words, the temperature-

size rule describes a form of phenotypic plasticity, in which the phenotype is affected 

by environmental temperature during development. Temperatures outside the 

individual thermal curve induce stress which in turn leads to a decrease in body size 

(Karan et al., 1998; Geister et al., 2009) and often also in higher mortality rates 

(Klockmann et al., 2016). Body size also responds strongly to food quality and food 

quantity, in pierids and beyond (Jones et al., 1982; Kindlmann & Dixon, 1992; 



    Introduction 

13 

Bauerfeind & Fischer, 2013a). Therefore, wing dimensions are often used as a proxy 

for body size in insects, since wing size stays the same when wings are unfolded. 

Using only e.g. the abdomen as a size parameter could introduce errors because this 

trait is strongly connected to mating status (Svärd & Wiklund, 1989; Wiklund & 

Kaitala, 1995) and age (Stjernholm et al., 2005).  

According to Bergmann´s rule, which predicts a larger body size in cooler 

environments (Atkinson, 1994; Chown & Gaston, 1999; Blanckenhorn & Demont, 

2004), the smaller area-to-volume ratio is a mechanism of thermoregulation because 

it helps to reduce heat loss in cooler environments and vice versa. This could be 

shown for different taxa (for a review, Meiri & Dayan, 2003), but the rule is not 

generally accepted and therefore a heavily discussed topic in animal ecology (Geist, 

1986; Paterson, 1988). The opposite pattern can as well be found in animals e.g. in 

insects. The converse Bergmann´s cline states that organisms in cooler 

environments are smaller and vice versa. Reasons for this pattern could be heat 

dependent growth rates and metabolic rates of ectotherms (Winterhalter & 

Mousseau, 2008), shorter growing seasons and earlier diapause of high latitude 

ectotherms (Bradshaw & Holzapfel, 2001). Interestingly, Honěk (1993) showed that 

also eggs can become larger when the females were maintained at lower 

temperatures. Thus, we can assume that temperature-induced variation can also 

occur in early developmental stages.  

Insects are dependent on environmental temperature because all physiological 

processes are connected to it (Deutsch et al., 2008). Higher temperatures generally 

speed up biochemical processes and thus increase growth rates and concomitantly 

development time (Karl et al., 2008; Angilletta, 2009). However, genetic effects like 

inbreeding can have negative consequences on developmental time (Dierks et al., 

2012; Franke & Fischer, 2013). 
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Wing color and morphology 

Organisms have evolved different mechanisms to better adapt to local environmental 

circumstances. In ectotherms, a higher melanisation of wings increases heat 

absorption and enables higher activity levels (Ellers & Boggs, 2004; Stoehr & Goux, 

2008). Due to different degrees of darkness (e.g. percentage of melanisation), solar 

radiation will be absorbed or resorbed differently. A high melanisation of wings 

increases the heat absorption in butterflies (Watt, 1968; Roland, 1982; Ellers & 

Boggs, 2004), but in warm areas it may cause overheating (Kingsolver & Watt, 1983; 

Van Dyck et al., 1997). For ectotherms, especially in cold environments, heat gain is 

important to initiate flight although the environmental temperature is far away from 

the ambient temperature needed for activity (Watt, 1968; Kingsolver, 1985). Thus, the 

degree of melanisation varies geographically (Trullas et al., 2007) and can vary with 

environmental gradients along altitude (Espeland et al., 2007; Karl et al., 2010) and 

latitude (Watt, 1968; Tuomaala et al., 2012). There are indications for a genetic basis 

of clinal melanisation patterns (Ellers & Boggs, 2002; Espeland et al., 2007) and local 

adaptation to ecological conditions (Brakefield & Reitsma, 1991). There is also 

phenotypic variation between latitudinal and altitudinal populations. More melanised 

phenotypes occur at higher elevations and latitudes (Tuomaala et al., 2012). Due to 

darker, more melanised wings, butterflies are able to increase heat absorption (Watt, 

1968; Roland, 1982; Ellers & Boggs, 2004). This may result in fitness advantages in 

cool environments because there is more time available to search for mating 

partners, feeding sites or oviposition plants (Tuomaala et al., 2012).  

Wing size in insects can be used as a proxy for body mass. In combination with other 

morphological characteristics, wing size and shape are used to draw conclusions with 

regard to flight-associated traits. Wing loading, however, is a ratio of body weight to 

wing area and is one of the major determinants of flight speed and maneuverability 

(Marden, 1987; Ellington, 1991). A high body mass and small wings lead to a high 

wing loading which is detrimental for flight performance due to increased energetic 

costs (Saastamoinen et al., 2012) and it is known to reduce flight speed in male 

Pieris napi butterflies (Almbro & Kullberg, 2012). A wing shape related parameter 

which is known to influence aerodynamic aspects of flight is the wing aspect ratio 

(Hassall, 2015a). A high ratio has been shown to increase flight ability and 

acceleration capacity (Betts & Wootton, 1988; Berwaerts et al., 2002; Berwaerts & 

Van Dyck, 2004).  
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Oxidative stress 

Insects are threatened by temperature extremes because they are small in body size 

and their basic physiological processes are directly connected to environmental 

temperature (Deutsch et al., 2008). Temperatures outside the optimal thermal range 

of organisms, either above (heat) or below (cold), induce thermal stress (Nguyen et 

al., 2013). High temperatures elevate the metabolic rate of organisms which in turn 

can lead to a changing oxidative status by an increased production of damaging 

reactive oxygen species (ROS) (Tumminello & Fuller-Espie, 2013; Ju et al., 2014). 

This may cause oxidative stress, characterized by damages of different molecules 

like lipids, proteins and DNA (Finkel & Holbrook, 2000; Monaghan et al., 2009). 

Highly toxic reactive oxygen species are produced continuously in the cells as a side 

product of e.g. mitochondrial electron transfer (Southorn & Powis, 1988). However, 

only the imbalance of ROS production and antioxidant defenses leads to oxidative 

stress (Southorn & Powis, 1988; Finkel & Holbrook, 2000; McCord, 2000). In insects, 

oxidative stress is suspected to be responsible for aging (for a review; Kregel & 

Zhang, 2007) and can be a consequence of compensatory growth (Mangel & Munch, 

2005; De Block & Stoks, 2008). Compensatory growth takes place when animals 

accelerate growth after a period of slow growth, e.g. due to food limitation (Metcalfe & 

Monaghan, 2001, De Block & Stoks, 2008).  

 

Due to different endogenous mechanisms, it is possible to counteract the negative 

effects of ROS production. The most important non-enzymatic antioxidant glutathione 

(GSH) (Wu et al., 2004; Rauhala et al., 2005) is well-known to participate in 

detoxification in different ways (e.g. scavenging free radicals, reducing peroxides or 

being conjugated with electrophilic compounds) and thus to protect cells (Hayes & 

McLellan, 1999; Rauhala et al., 2005). This tri-peptide can neutralize ROS and is 

therefore important to protect cells from oxidative damage (for a review, Jozefczak et 

al., 2012). A reduced GSH concentration is a marker for oxidative stress (Griffith, 

1999), because under stressful conditions a shift from reduced (GSH) to the oxidized 

form (GSSG) of glutathione can be observed (Kregel & Zhang, 2007; Jozefczak et 

al., 2012). Another marker for oxidative stress is malondialdehyde (MDA) (Liu et al., 

1997; Del Rio et al., 2005), which is a highly toxic molecule and a product of lipid 

peroxidation (Del Rio et al., 2005). In cases of different environmental influences like 

e.g. heat stress or toxins, MDA is known to increase (Schlorff et al., 1999; Ju et al., 
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2014). Despite different defense mechanisms, oxidative stress can occur and cause 

negative consequences.  

 

Fecundity 

Female fitness is strongly dependent on the number of eggs she can produce. 

Furthermore, it is known that under constant conditions body size is positively 

correlated with fecundity in female insects (Evans, 1982; Gilbert, 1984). However, 

genetic factors and also environmental conditions influence body size and fecundity 

(Honěk, 1993). This makes it difficult to forecast the number of eggs for a female 

based on her body size. Egg numbers are known to increase in polyandrous species 

compared to monandrous species (Wiklund et al., 1993; Välimäki & Kaitala, 2007) 

due to the males transferring nuptial gifts to the females during mating (Stjernholm & 

Karlsson, 2000). 

 

Study organism 

The green-veined white butterfly Pieris napi L. is a widespread temperate-zone 

butterfly, occurring throughout the northern hemisphere (Ebert & Rennwald, 1993). 

The nominate form can be observed from sea level up to ca. 1200 m above sea level 

(Porter, 1997). Above this altitude, a morphologically distinct high-altitude form 

occurs (‘Pieris bryoniae’ Hübner, 1805), although its taxonomic status is discussed 

controversially (Bowden, 1979; Porter & Geiger, 1995; Porter, 1997; Espeland et al., 

2007). As both taxa hybridize (Porter, 1997), we will here refer to them as P. napi 

napi and Pieris napi bryoniae. Pieris napi bryoniae is found in the higher altitudes of 

the Carpathians and Alps (Porter, 1997). It is typically univoltine with a flight season 

from approximately mid-June to early August (Tolman & Lewington, 2008) due to a 

short vegetation period in these mountain environments. Flower-rich grasslands 

along river banks and woodland edges are the preferred habitat (Settele et al., 2008). 

Biscutella laevigata, Thlaspi spp. and Cardamine spp. are typical nectar and host 

plants for P. napi bryoniae. The taxon is under high climate change risk because the 

loss of suitable habitats is likely (Settele et al., 2008).  

 

Although P. napi napi is one of the most common butterflies in Europe, it is also 

predicted to suffer from anthropogenic climate change because of its close 

association with moist habitats (Fox et al., 2015). It reaches particularly high 
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abundances in broad-leafed forest ecotones and on moist meadows (Settele et al., 

2008). Depending on climatic conditions, the taxon may have several generations a 

year (Espeland et al., 2007). In central Europe, the flight season typically starts in 

April and lasts until October (Ebert & Rennwald, 1993). Larvae feed on a variety of 

Brassicaceae, with Alliaria petiolata Cavara & Grande and Cardamine pratensis L. 

being the most important species. Brassicaceae are also the preferred nectar plants. 

Last generation individuals overwinter as pupae. Pieris napi napi is of limited 

importance as a pest species in contrast to the closely related Pieris brassicae and 

Pieris rapae (Ebert & Rennwald, 1993).  

 

Pieris napi is a polyandrous species, which means that males transfer large nuptial 

gifts to their female partners (Bergström & Wiklund, 2002). Accordingly, males are 

larger than females, showing a clear sexual dimorphism in size but also coloration 

(Wiklund & Kaitala, 1995). Sexes are easy to distinguish in both taxa because males 

have only one spot on the dorsal forewing while females have two (Tolman & 

Lewington, 2008), (Figure 1). Pieris napi was used for the following study owing to 

several reasons. 1) Their preference for open habitats - P. napi is easy to detect in 

the field when suitable habitats are present. 2) P. napi is easy to rear and handle 

under lab conditions (David & Gardiner, 1961b; a).  

 

Sampling locations 

For all studies, we sampled populations along a latitudinal gradient ranging from 

northern Italy to Sweden. Additionally, we sampled populations along an altitudinal 

cline in the Italian Alps for the first study (Figure 2). For the latitudinal cline, we 

collected spring-generation P. napi napi males and females from three replicated 

populations each in northern Italy (I: Torino 45.11°N / 7.48°E, Pavia 45.21°N / 

9.27°E, Mantova 45.21°N / 10.75°E), northern Germany (G: Wahrenholz 52.64°N / 

10.61°E, Rathenow 52.65°N / 12.44°E, Strausberg 52.60°N / 13.86°E), and Sweden 

(S: Örebro 59.29°N / 15.01°E, Eskilstuna 59.36°N / 16.54°E, Stockholm 58.95°N / 

17.58°E). The minimal straight distance between neighboring populations was 

approx. 73 km, the total latitudinal gradient spanned ca. 1660 km. We collected a 

total of 148 males and 74 females from Italy, 169 males and 94 females from 

Germany, and 172 males and 76 females from Sweden. Sampling time was between 

April 19th and June 14th 2016. For the altitudinal cline, we collected P. napi napi and 
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P. napi bryoniae males from three replicated populations at each of three altitudes, 

viz. 400 m a.s.l. (Gravellona Toce 45.97°N / 8.45°E, Osasco 44.84°N / 7.39°E, 

Madonna dell´Olmo 44.42°N / 7.56°E), 1000 m a.s.l. (Chiezzo 46.21°N / 8.20°E, 

Mentoulles 45.02°N / 7.10°E, Entracque 44.21°N / 7.43°E), and 1700 m a.s.l. (Pian 

della Rossa 46.28°N / 8.13°E, Troncea 44.95°N / 6.93°E, Pian del Valasco 44.20°N / 

7.23°E). Males patrol and thus can be easily detected while flying long distances 

(Reynolds, 2006). In total, we collected 168 males from 400 m height, 182 from 1000 

m, and 129 from 1700 m. The minimal straight distance between two mountain 

populations was 11 km. Annual temperatures followed nearly the same temperature 

gradient across latitudes (Italy: 13ºC, Germany, 9ºC, Sweden: 6ºC) and altitudes 

(400 m: 13ºC, 700 m, 9ºC, 1700 m: 6ºC), while precipitation is higher in Italy than in 

Germany and Sweden. For details on the climatic conditions at our sampling sites 

see Table 1.  
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Figure 1 Top: Pieris napi female ventral (left side) and dorsal (right side, 

https://www.learnaboutbutterflies.com), © Adrian Hoskins 

Below: Pieris napi male ventral (left side) and dorsal (right side, 

https://www.learnaboutbutterflies.com), © Adrian Hoskins 
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Figure 2  Map of sampling locations of Pieris napi individuals used in the present 

study. Latitude: Italy (light grey circles); Germany (dark grey circles), 

and Sweden (black circles). Altitude: 400 m (light grey triangles); 1000 

m (dark grey triangles); 1700 m (black triangles). From Günter et al., 

2019. 
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Table 1 Mean annual temperature and precipitation as well as mean January and 

July temperature from the 18 sampling locations along a latitudinal (Italy, Germany, 

Sweden) and an altitudinal (400 m, 1000 m, 1700 m a.s.l.) gradient; all climate data 

were taken from https://de.climate-data.org. 

 

Country City 

Mean annual 

temperature 

(°C) 

Mean annual 

precipitation 

(mm) 

Mean 

temperature 

January (°C) 

Mean 

temperature 

July  

(°C) 

Italy Torino 12.6 846 1.4 23.6 

 Pavia 12.9 952 2.1 23.3 

 Mantova 13.0 797 1.9 23.6 

Germany 
Wahren-

holz 
8.7 621 0.1 17.6 

 Rathenow 9.0 536 -0.1 18.2 

 Strausberg 8.9 553 -1.4 18.4 

Sweden Örebro 6.1 633 -2.4 17.2 

 Eskilstuna 6.2 574 -3.2 17.0 

 Stockholm 7.0 527 -2.3 17.9 

400 m 

a.s.l. 

Gravellona 

Toce 

11.3 1069 1.6 21.1 
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Table 1 continued  

 Osasco 12.4 780 2.4 22.4 

 
Madonna 

dell´Olmo 

12.0 770 3.6 21.1 

1000 

m 

a.s.l. 

Chiezzo 9.5 1086 0.3 18.8 

 Mentoulles 8.4 907 -0.7 17.7 

 Entracque 10.3 828 2.4 19.0 

1700 

m 

a.s.l. 

Pian della 

Rossa 

11.3 1035 0.6 21.4 

 Troncea 5.9 1092 -2.6 14.8 

 Pian del 

Valasco 

3.9 1254 -4.0 12.6 
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Research questions/ hypotheses 

In the first study we used field-collected P. napi males to investigate 13 traits related 

to body size, flight performance and wing coloration to elucidate the adaptive (genetic 

and plastic) potential to specific environmental factors. We predicted increasing body 

size according to Bergmann’s rule and the temperature–size rule, flight performance, 

and melanization with higher latitude and altitude. Additionally, we hypothesized that 

a sexually selected character, yellow reflectance of wings, could be traded-off against 

increased melanization, as both rely on costly metabolic pathways. With field-

collected specimens it is not possible to assign observed patterns of phenotypic 

variation to either genetic or environmental sources. However, the traits showing 

clear clinal variation can be further investigated using common garden experiments 

under laboratory conditions to unravel the source of variation. 

 

To distinguish between genetic adaptation and phenotypic plasticity as source of the 

clinal patterns observed above we conducted the second study. Here, we used a 

common garden experiment with replicated populations of P. napi individuals from 

Italy, Germany and Sweden. According to a split-brood design we reared P. napi 

individuals at two different temperatures under controlled conditions. We investigated 

traits related to body size, flight performance, wing coloration, physiological status 

and stress resistance. We hypothesized that genetic variation in these traits is 

widespread as is plasticity therein, and that responses are influenced by both 

sources of variation. More specifically, we predicted reduced growth rates, metabolic 

potential, flight performance and wing melanization but increased heat tolerance and 

defence mechanisms to fight oxidative stress at lower latitudes (genetic variation), 

and higher growth rates, metabolic potential, heat tolerance and defence 

mechanisms to fight oxidative stress but reduced body size, flight performance and 

wing melanisation at a higher compared with a lower developmental temperature 

(plastic responses). 

 

In the third study we examined responses to thermal stress in body size, fecundity, 

and physiological defence mechanisms along a latitudinal gradient. We focused on 

geographic variation in physiological responses to short-term temperature stress (24 

h), and used three different simulated summer days - hot, control, cold. Physiological 

responses were scored by measuring MDA and GSH levels as well as gene 
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expression through a transcriptomic analysis. Because of potential trade-offs 

between physiological defence mechanisms and other fitness components, we also 

examined body size and fecundity in parallel. We predicted smaller individuals at 

higher latitudes, which may be associated with slower growth and decreased 

fecundity. A reduced fecundity may potentially allow for increased investment into 

defence mechanisms in individuals from high latitudes in response to thermal stress. 

Accordingly, we predicted an upregulation of antioxidant defence mechanisms to 

prevent oxidative damage. We also assumed a stress response of P. napi individuals 

characterized by an upregulation of the antioxidant GSH and molecular chaperons 

e.g. heat shock proteins under hot conditions. Both mechanism can help organisms 

to cope with oxidative stress.  
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2. Synopsis 

 

2.1 Variation in ecologically important traits in field-collected individuals - 

latitude reflects altitude  

 

Understanding how organisms adapt to complex environments is of special concern 

in the face of rapidly changing climatic conditions at the global scale (Parmesan et 

al., 1999; Parmesan, 2006; Somero, 2010). Clines are a suitable system for 

investigating the role of varying selection pressures on traits along a cline (e.g. 

Sambucetti et al., 2006; Bradshaw & Holzapfel, 2008). If similar patterns are 

observed along latitudinal and altitudinal gradients, this can be assumed as 

indications of climatic adaptation (Hoffmann et al., 2005; Sørensen et al., 2005).  

Against this background, we here focused on replicated populations of the European 

butterfly Pieris napi along a latitudinal pan-European (Italy to Sweden) and an 

altitudinal Alpine gradient. We investigated 13 traits related to body size, flight 

performance, and wing coloration. Additionally, we investigated yellow reflectance of 

wings, which might be traded-off against increased melanisation because both basic 

physiological processes rely on costly metabolic pathways (Talloen et al., 2004; 

Stoehr, 2006; Roulin, 2016).  

We found that body size decreased with increasing latitude (Figure 3) and altitude 

(Figure 4). Higher altitudes but not latitudes seemed to be associated with increased 

flight performance which is reflected by increased wing aspect ratio. Moreover, wing 

melanisation increased (Figure 5 and 6) whereas yellow reflectance decreased 

(Figure 7 and 8) towards colder environments in both clines. Thus, we conclude that 

the butterflies invest into increased melanisation at the cost of a sexually selected 

trait when experiencing thermally challenging conditions.  
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Figure 3 Forewing area of Pieris napi from a latitudinal gradient (means + 1 SE). 

Different superscript letters above bars indicate significant differences 

among countries.  

 

 

 

 

 

 

 

 

 

Figure 4 Forewing area of Pieris napi from an altitudinal gradient (means + 1 SE). 

Different superscript letters above bars indicate significant differences 

among altitudes. 
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Figure 5 Hindwing melanisation of Pieris napi from a latitudinal gradient (means + 1 

SE). Different superscript letters above bars indicate significant differences 

among countries.  

 

 

 

 

 

 

 

 

 

Figure 6 Hindwing melanisation of Pieris napi from an altitudinal gradient (means + 

1 SE). Different superscript letters above bars indicate significant 

differences among altitudes. 
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Figure 7 Hindwing yellow reflectance of Pieris napi from a latitudinal gradient 

(means + 1 SE). Different superscript letters above bars indicate 

significant differences among countries.  

 

 

 

 

 

 

 

 

 

Figure 8  Hindwing yellow reflectance of Pieris napi from an altitudinal gradient 

(means + 1 SE). Different superscript letters above bars indicate 

significant differences among altitudes. 
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butterflies, revealed some evidence for adaptive variation along geographical clines. 

It is not possible to distinguish between adaptive plasticity and genetic adaptation 

20

40

60

400 m 1000 m 1700 m

Y
e

ll
o

w
 r

e
fl

e
c

ta
n

c
e

25

30

35

Italy Germany Sweden

Y
e

ll
o

w
 r

e
fl

e
c

ta
n

c
e

a 

b 

c 

a a 

b 



   Synopsis 

31 

using field-collected individuals, because both sources can produce similar 

phenotypes (Schäfer et al., 2018; Rohner et al., 2019). Nevertheless, we speculate 

that the smaller body sizes found in colder environments result primarily from genetic 

variation, because P. napi does normally follow the temperature-size rule (Bauerfeind 

& Fischer, 2013b; a). However, the darker wings found in cooler environments could 

arise from both genetic differentiation or a plastic response (Ellers & Boggs, 2002; 

Espeland et al., 2007; Karl et al., 2009). Likewise, yellow reflectance of the wings is 

probably affected by genetic and environmental sources, with Pieris butterflies being 

known to be seasonally polyphenic in wing color, providing an indication for a strong 

plastic component (Bowden, 1978; Kingsolver & Wiernasz, 1991). As part of our 

results we discovered parallel latitudinal and altitudinal variation in wing coloration 

including associated trade-offs. We this concluded that the patterns documented 

here are adaptive.  
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2.2 Clinal variation in a butterfly: plasticity versus genetic adaptation 

 

It is assumed that the biological impact of anthropogenic climate change increases 

with increasing latitude (Root et al., 2003; Parmesan, 2007; Deutsch et al., 2008). For 

ectotherms, temperature is an important ecological factor so that thermal selection is 

believed to cause or at least contribute to local adaptation (Reeve et al., 2000). Body 

size, locomotory performance and coloration of wings could be potential target traits 

of thermal selection. Additionally, high temperatures are known to produce 

physiological costs due to oxidative stress caused by reactive oxygen species which 

create costly antioxidant responses (Gillooly et al., 2001). Hence, it is of paramount 

importance to understand how organisms adapt to complex and changing 

environments. Both genetic adaptation or phenotypic plasticity can be the basis of 

variation in ecologically important traits. To distinguish between the two rigorous 

experimental approaches are needed.  

In this study, we investigated clinal variation and plastic responses in life history, 

morphology, and physiology in the butterfly Pieris napi along a latitudinal gradient. 

Larvae were raised using a common garden design at two different temperatures, 

and adult butterflies were additionally exposed to heat stress. 

 

Clinal variation: genetic adaptation 

Wing melanisation, development time, wing loading and wing aspect ratio increased 

whereas body size, larval growth rate and heat tolerance decreased with increasing 

latitude. The patterns found for wing melanisation, body size and wing loading are in 

agreement with data based on field-caught individuals from the same cline (Günter et 

al., 2019). For wing aspect ratio, a cline opposite to the one reported in the earlier 

study was found, indicating a large environmental impact on this trait. Individuals 

from warmer rather than cooler environments were larger. Thus, warmer climates 

seems to be more beneficial for the development of Pieris species than cooler ones 

(Angilletta & Dunham, 2003). Interestingly, Italian larvae exhibited the shortest larval 

development time but were nevertheless larger, realized by higher growth rates. 

Thus, populations from warm climates seem to be selected for rapid growth, enabling 

concurrently short development time and large body size.  

The increase in wing melanisation towards cooler environments increases heat 

absorption, in turn allowing for higher levels of activity (Ellers & Boggs, 2004; Stoehr 
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& Goux, 2008). In contrast, a decreased melanisation in warmer environments 

prevents overheating (Kingsolver & Watt, 1983; Van Dyck et al., 1997). Italian 

individuals seemed to be more heat stress-resistant than German or Swedish ones 

which was expected because of higher risk of exposure to high temperatures in 

warmer climates in southern Europe. A higher GSH concentration in Italian butterflies 

reflects higher antioxidant defences and might be related to a higher heat resistance. 

This kind of defence mechanism can prevent oxidative damage caused by reactive 

oxygen species (Hermes-Lima, 2004; Pamplona & Costantini, 2011). The increase in 

GSH in Swedish individuals could be triggered by cold temperatures which may yield 

similar stressful effects and therefore similar reactions than high temperatures 

(Lalouette et al., 2011; Grim et al., 2013).  

 

Development temperature: phenotypic plasticity 

According to the temperature-size rule, a reduction in body size at the higher 

temperature was expected (Atkinson, 1994; Angilletta & Dunham, 2003) and found 

(Figure 9). The decreased wing loading at the higher temperature likely increases 

flight performance but the explanation for this pattern is not obvious (Berwaerts et al., 

2002; Hassall, 2015b). The overall higher thorax-abdomen ratio at the higher 

temperature indicates that especially abdomen mass and thus storage reserves were 

reduced. This is likely the consequence of higher metabolic losses at the higher 

temperature (Kingsolver & Woods, 1997; Karl & Fischer, 2008). Wing aspect ratio 

was lower at the higher temperature, which may reduce flying speed and 

maneuverability but could have positive effects on performance during long-distance 

flights (Hassall, 2015b). The higher wing melanisation at lower temperatures likely 

reflects adaptive plasticity (Karl et al., 2010; Peñuelas et al., 2017). Individuals reared 

at the higher temperature showed an increased heat tolerance (Figure 10) and a 

decreased potential metabolic activity (PMA). The higher heat tolerance is a well-

known pattern of adaptive phenotypic plasticity (Karl et al., 2008; Fischer & Karl, 

2010). The decrease of PMA is counterintuitive, however similar patterns have been 

documented before (e.g. Žagar et al., 2018). Such a reduction in enzyme activity 

reduces the risk of cellular damage due to ROS at high temperatures to avoid 

oxidative stress.  
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Figure 9 Forewing area of P. napi individuals (means + 1 SE) in relation to their 

rearing temperature and origin. I = Italy; G = Germany; S = Sweden.  

 

 

Figure 10 Heat knock-down time of P. napi individuals (means + 1 SE) in relation to 

their rearing temperature and origin. I = Italy; G = Germany; S = Sweden. 

 

With our investigation based on a common garden experiment we could confirm 

clinal patterns in wing melanisation, body size (Figure 9) and wing loading in P. napi. 

The outcome of the investigations suggest genetic adaptation to local climates 

because of selection for rapid growth in warmer regions and for increased wing 

melanisation in colder regions. Regardless of the origin of the individuals, the higher 

developmental temperature speeded up development, reduced body size, potential 

metabolic activity and wing melanisation, but increased heat tolerance. At least 

partially, these patterns likely reflect adaptive phenotypic plasticity. Our study 
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indicates high adaptive capacities reflected by pronounced plastic and genetic 

responses in P. napi. These capacities will likely help P. napi to deal with current 

climate change. Whether this will be sufficient to ensure long-term survival 

throughout its current range though needs further investigation. 
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2.3 Dealing with thermal stress: the pace of a butterfly life 

 

Extreme weather events such as heat waves are predicted to increase in the current 

era of anthropogenic climate change (Diffenbaugh et al., 2005; Hansen et al., 2012). 

Organisms have to adapt to such changes in climate to persist in their established 

habitats. Local adaptation in widespread species is often driven by their exposure to 

a variety of environmental conditions throughout their distribution range (Kawecki & 

Ebert, 2004; Stillwell & Fox, 2009). Populations from different regions could show 

variable responses to thermal stress, reflecting their capacity to deal with such 

challenging conditions. 

This study investigated short-term physiological responses to different temperatures 

and associated trade-offs as well as clinal variation in fecundity and body size. We 

exposed P. napi butterflies from replicated Italian, German, and Swedish populations 

for 24 hours to cold, control or hot temperatures. Our goal was to investigate clinal 

variation in plastic responses in body size, fecundity, and oxidative markers along a 

latitudinal-European gradient.  

The levels of the antioxidant GSH were reduced under cold and hot conditions 

(Figure 11) and molecular chaperones were upregulated under hot conditions, but 

oxidative damage remained unaffected. However, our results show decreased body 

size and fecundity in cooler compared to warmer regions. While Swedish animals 

were exhibiting high levels of antioxidant glutathione (GSH), oxidative damage was 

lowest in these populations (Figure 12).  
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Figure 11: Antioxidant glutathione levels (GSH) in P. napi individuals after 24 hours 

in hot, control or cold treatment (means + 1 SE). Different lower-case 

letters above bars (a, b, c) indicate significant differences between origin.  

 

 

Figure 12: Malondialdehyde (MDA) in Italian, German and Swedish P. napi 

individuals after 24 hours in hot, control or cold treatment (means + 1 

SE). Different lower-case letters above bars (a, b) indicate significant 

differences between origin.  

 

Additionally, a previous study showed that Swedish animals showed low growth rates 

(Günter et al., 2020). These results lead to the assumption that the lifestyle of 

Swedish butterflies is slower, with reduced growth rates and initial fecundity, allowing 
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shown in Italian butterflies which indicates a ‘pace-of-life’ syndrome (Réale et al., 

2010; Montiglio et al., 2018). Future research should address the effects of longer 

exposure times to stress.  

 

 

2.4 Conclusion and outlook  

 

This thesis reveals insights into the adaptation to climate variation in a widespread 

butterfly. Field-caught male P. napi butterflies showed reduced body size with 

increasing latitude and altitude, whereas flight performance increased only at high 

altitudes. Furthermore, wing melanisation increased while yellow reflectance 

decreased towards colder environments in both clines. Results from a common 

garden experiment largely confirmed these results, suggesting clinal, genetically-

based variation in body size, growth rates and concomitantly development time, wing 

aspect ratio, wing melanisation and heat tolerance. These patterns indicate mainly 

thermal adaptation, but partly also adaptation to variation in season length, resulting 

in local adaptation. In addition, several plastic responses were indicative of adaptive 

phenotypic plasticity, most notably in wing melanisation and heat tolerance. 

Responses to thermal stress included an upregulation of heat shock proteins, 

whereas oxidative damage stayed unaffected. Body mass and fecundity were both 

higher in warmer regions. On the basis of these results we suspect the Italian 

individuals to invest more into reproduction than in maintenance whereas the 

Swedish individuals show the opposite pattern, showing a slower life style with less 

generations per year.  

Italian individuals showed a higher heat stress resistance compared to German and 

Swedish individuals. Furthermore, they showed higher levels of plasticity in thermal 

tolerance. These results could suggest a genetic component which is responsible for 

a local adaptation to high temperatures. In the era of climate change the ability to 

cope with high temperatures could be advantageous as heat events are predicted to 

increase. Additionally, the higher GSH concentration in Italian idividuals reflects a 

higher antioxidant level in Italian individuals and supports the assumption for a better 

heat adaptation. This could ideally enable the southern more heat tolerant individuals 

to distribute beyond their present ecological niche in latitude and altitude. 
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In summary, P. napi showed pronounced genetic and plastic responses to 

environmental variation. This may be advantageous for being able to cope with 

anthropogenic climate change. Additionally, we could show that warmer rather than 

cooler conditions seem to be beneficial for individual development. Thus, this species 

is rather well equipped to adjust to novel conditions. However, whether P. napi might  

therefore be "winner of global warming" seems questionable because the species is 

associated with moist habitats. Based on the high adaptive capacities towards 

thermal variation, we suggest that climate-change induced changes in precipitation 

and humidity may pose a larger challenge to the survival of this species than 

increasing temperatures. This issue deserves further attention and research in P. 

napi and beyond.  
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Understanding how organisms adapt to complex environments lies at the very heart of evolutionary biology and 
ecology, and is of particular concern in the current era of anthropogenic global change. Variation in ecologically 
important traits associated with environmental gradients is considered to be strong evidence for adaptive responses. 
Here, we study phenotypic variation along a latitudinal and an altitudinal cline in 968 field-collected males of the 
widespread European butterfly Pieris napi. In contrast to our expectations, body size decreased with increasing 
latitude and altitude, suggesting that warmer rather than cooler conditions may be more beneficial for individual 
development in this species. Higher altitudes but not latitudes seemed to be associated with increased flight 
performance, suggesting stronger challenges for flight activity in high-altitude environments (e.g. due to strong 
wind). Moreover, wing melanization increased while yellow reflectance decreased towards colder environments in 
both clines. Thus, increased melanization under thermally challenging conditions seems to compromise investment 
into a sexually selected trait, resulting in a trade-off. Our study, although exclusively based on field-collected males, 
revealed indications of adaptive patterns along geographical clines. It documents the usefulness of field-collected 
specimens, and the strength of comparing latitudinal and altitudinal clines to identify traits being potentially under 
thermal selection.

ADDITIONAL KEYWORDS: climatic adaptation – cline – environmental gradient – local adaptation – Pieris 

napi – thermal melanization – thermoregulation.

INTRODUCTION

Understanding how organisms adapt to complex 
environments lies at the very heart of evolutionary 
biology and ecology, and is of particular concern in 
the face of rapidly changing climatic conditions at 
the global scale (Parmesan et al., 1999; Parmesan, 
2006; Somero, 2010). Natural selection is the 
principal force behind adaptive evolution, adjusting 
phenotypes to environmental conditions and thus 
increasing fitness in the environment encountered 
(Hoffmann et al., 2002, 2005; Sambucetti et al., 2006). 
Similarly, adaptive phenotypic plasticity enhances the 
performance of an individual in the environment in 
which those changes were induced (Bradshaw, 1965; 

Pigliucci, 2001). In widespread species, environmental 
conditions are heterogeneous in space, resulting in 
spatial variation in environmental conditions and 
thus selective pressures throughout the species’ range. 
Thus, populations often show trait values that provide 
advantages under specific local conditions (Kawecki & 
Ebert, 2004).

To elucidate the adaptive (genetic and plastic) 
potential to specific environmental factors, we need 
to relate phenotypic variation to the environment 
in which different variants are expressed (Wagner 
& Altenberg, 1996; Kawecki & Ebert, 2004). Indeed, 
phenotypic variation in ecologically important traits, 
if associated with an environmental gradient, is 
considered to be a strong evidence of adaptation 
(Guppy, 1986; Ellers & Boggs, 2002; Stillwell & Fox, 
2009). Consequently, clinal patterns of trait variation 
is frequently considered as evidence for differential 

*Corresponding author. E-mail: Franziska.guenter@uni-
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selective pressures among populations (Endler, 1986; 
Hoffmann et al., 2005; Posledovich et al., 2014).

Latitudinal clines represent a classic system for 
investigating the role of spatially varying selection 
on trait expression (e.g. Sambucetti et al., 2006; 
Bradshaw & Holzapfel, 2008). These clines have 
revealed some clear patterns arguably related to 
temperature variation, such as increased body size 
(Arnett & Gotelli, 1999a; Chown & Klok, 2003), 
reduced developmental time (Robinson & Partridge, 
2001) and increased growth rates (Van Doorslaer & 
Stoks, 2005) with increasing latitude. A particularly 
striking example of thermal selection along latitudinal 
gradients provides chromosome inversion frequencies 
in Drosophila (Lemeunier & Aulard, 1992; Hoffmann 
& Rieseberg, 2008; Kapun et al., 2016). Altitudinal 
patterns, in contrast, have been studied less frequently, 
although high altitudes and latitudes share similar 
environmental conditions (Sørensen et al., 2005; 
Espeland et al., 2007). Consequently, similar patterns 
observed along latitudinal and altitudinal gradients 
provide particularly strong support for adaptive 
variation (i.e. adaptation to different climates; 
Hoffmann et al., 2005; Sørensen et al., 2005).

Potential target traits of thermal selection along 
clines include body size, locomotory performance 
and coloration. Animals are predicted to be larger in 
cooler environments based on Bergmann’s rule and 
the temperature–size rule (Atkinson, 1994; Arnett & 
Gotelli, 1999b; Chown & Gaston, 1999). However, for 
insects mixed results were obtained for Bergmann’s 
rule (Gérard et al., 2018), depending on the specific 
taxa considered (Shelomi, 2012). The temperature–
size rule states that higher/lower developmental 
temperatures produce smaller/larger adult body sizes 
(Angilletta & Dunham, 2003; Johnston & Benett, 
2008). In flying insects, flight performance is also under 
strong selection. Due to thermal limitations, selection 
for increased flight performance should be stronger in 
cooler than in warmer environments (Dahlgaard et al., 
2001; Norry et al., 2001; Berwaerts et al., 2002). Finally, 
thermal melanization increasing heat absorption 
has been frequently found in cooler environments 
(Watt, 1968; Guppy, 1986; Ellers & Boggs, 2004). 
A darker coloration may facilitate higher levels of 
activity under thermally challenging conditions, thus 
providing advantages during mate location, foraging, 
reproduction and escaping (Tuomaala et al., 2012).

Here, we look for indications of climatic adaptation 
in replicated populations of the widespread European 
butterfly Pieris napi. We investigated field-caught 
males along a latitudinal pan-European (Italy to 
Sweden) and an altitudinal Alpine gradient. We 
restricted our efforts to males because meaningful 
numbers of females are very difficult to obtain in 
the field and to avoid harming local populations. 

We investigated 13 traits related to body size, flight 
performance and wing coloration. We predicted 
increasing body size according to Bergmann’s rule 
and the temperature–size rule, flight performance (i.e. 
reduced wing loading and increased wing aspect ratio), 
and melanization with higher latitude and altitude, 
and thus in cooler environments. Additionally, we 
investigated a sexually selected character, yellow 
reflectance of wings, which might be traded-off against 
increased melanization, as both rely on costly metabolic 
pathways (Talloen et al., 2004; Stoehr, 2006; Roulin, 
2016). Regarding melanization, previous studies have 
shown increases along an altitudinal gradient in 
Norway and a latitudinal gradient in Fennoscandia 
in P. napi (Espeland et al., 2007; Tuomaala et al., 
2012). Thus, our aim here is to corroborate the pattern 
in the Alps involving a different subspecies, across 
Europe from Italy to Sweden, and as a basis to explore 
the above-mentioned trade-off. Using field-collected 
specimens has the limitation that it is not possible to 
assign observed patterns of phenotypic variation to 
either genetic or environmental sources. However, it 
does show which traits are showing clinal variation 
in nature, which can be subsequently investigated 
under laboratory conditions to unravel the source of 
variation.

MATERIAL AND METHODS

STUDY ORGANISM AND EXPERIMENTAL POPULATIONS

The green-veined white butterfly Pieris napi L. is 
a widespread temperate-zone species, occurring 
throughout Europe (Settele et al., 2008) and the 
temperate zone of Asia (Ebert & Rennwald, 1993). The 
nominate form occurs from sea level up to ~1200 m 
above sea level (Porter, 1997). Above this altitude, a 
morphologically distinct high-altitude form occurs 
(‘Pieris bryoniae’ Hübner, 1805), the taxonomic status 
of which has been discussed controversially (Bowden, 
1979; Porter & Geiger, 1995; Porter, 1997; Espeland 
et al., 2007). As the two taxa hybridize (Porter, 1997), 
we refer to them here as P. napi napi and P. napi 

bryoniae, respectively. Although P. napi napi is one of 
the most common butterflies of Europe, it is predicted 
to suffer from anthropogenic climate change because 
of its close association with moist habitats (Fox et al., 
2015). It reaches particularly high abundances in 
broadleaved forest ecotones and on moist meadows 
(Settele et al., 2008). Depending on climatic conditions, 
the species may have several generations a year 
(Espeland et al., 2007). In central Europe, the flight 
season starts typically in April and lasts until October 
(Ebert & Rennwald, 1993). The individuals of the last 
generation overwinter as pupae. Larvae feed on a 
variety of Brassicaceae, with Alliaria petiolata Cavara 
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& Grande and Cardamine pratensis L. being the most 
important ones. Brassicaceae are also the preferred 
nectar plants.

Pieris napi bryoniae occurs in the higher altitudes 
of the Carpathians and Alps (Porter, 1997). Due 
to a shorter vegetative period in these mountain 
environments, P. napi bryoniae is typically univoltine 
with a flight season roughly from mid-June to early 
August (Tolman & Lewington, 2008). It occurs 
mainly on flower-rich grasslands, along river banks 
and woodland edges (Settele et al., 2008). Biscutella 

laevigata, Thlaspi spp. and Cardamine spp. are 
typical nectar and host plants for P. napi bryoniae. 
The taxon is under high climate change risk because 
of the probable loss of suitable habitats (Settele et al., 
2008). Sexes are easy to distinguish in both taxa, as 
males have only one spot on the dorsal forewing while 
females have two (Tolman & Lewington, 2008).

SAMPLING LOCATIONS

For this study, we sampled populations along two 
gradients, a latitudinal one ranging from northern 
Italy to Sweden and an altitudinal one in the Italian 
Alps (Fig. 1). For the latitudinal cline, we collected 
spring-generation P. napi napi males from three 
replicate populations each in northern Italy (I: Torino 
45.11°N/7.48°E, Pavia 45.21°N/9.27°E, Mantova 
45.21°N/10.75°E), northern Germany (G: Wahrenholz 
52.64°N/10.61°E, Rathenow 52.65°N/12.44°E, 
Strausberg 52.60°N/13.86°E) and Sweden (S: Örebro 
59.29°N/15.01°E, Eskilstuna 59.36°N/16.54°E, 
Stockholm 58.95°N/17.58°E). The minimal straight 
distance between neighbouring populations was 
~73 km, the total latitudinal gradient spanned 
~1660 km. We collected a total of 148 males from Italy, 
169 from Germany and 172 from Sweden between 
19 April and 14 June 2016. For the altitudinal cline, 
we also collected P. napi napi and P. napi bryoniae 
males from three replicate populations at each of 
three altitudes, namely 400 m a.s.l. (Gravellona 
Toce 45.97°N/8.45°E, Osasco 44.84°N/7.39°E, 
Madonna dell’Olmo 44.42°N/7.56°E), 1000 m a.s.l. 
(Chiezzo 46.21°N/8.20°E, Mentoulles 45.02°N/7.10°E, 
Entracque 44.21°N/7.43°E) and 1700 m a.s.l. (Pian 
della Rossa 46.28°N/8.13°E, Troncea 44.95°N/6.93°E, 
Pian del Valasco 44.20°N/7.23°E). In total, we collected 
168 males from 400 m, 182 from 1000 m, and 129 
from 1700 m. The minimal straight distance between 
two mountain populations was 11 km. Annual 
temperatures followed the same temperature gradient 
across latitudes (Italy: 13 °C, Germany, 9 °C, Sweden: 
6 °C) and altitudes (400 m: 13 °C, 700 m, 9 °C, 1700 m: 
6 °C), while precipitations were higher in Italy than 
in Germany and Sweden (where they were similar). 
Details of the climatic conditions at our sampling sites 

are provided in Table 3. All males were frozen on site 
in liquid nitrogen and afterwards stored at −80 °C 
until analyses.

DATA ANALYSES

Field-caught specimens were thawed and their 
fresh mass was measured (KERN ABJ-120-4M; 0.1-
mg accuracy). The head, wings and legs were then 
removed, and the thorax and abdomen were separated. 
Thorax and abdomen mass were recorded, and thorax-
abdomen ratio was calculated, as an indicator of the 
relative investment into flight muscles (Van Dyck & 
Wiklund, 2002; Legrand et al., 2016). Butterfly wings 
were used to measure wing morphology and coloration. 
For wing measurements, we took photographs of the 
left dorsal forewing and the right ventral hindwing for 
each individual (Veho MS-004 Discovery Deluxe USB 
Microscope; cf. Fig. 2). All pictures were taken under 
standardized illumination with an illuminated PC 
microscope camera (Veho MS-004 Discovery Deluxe 
USB Microscope). Measurements were taken via 
Adobe Photoshop CS6. For measuring wing area, we 
cut off the background from the wings and measured 
the remaining area. Measures of fore- and hindwings 
were used to calculate fore- to hindwing ratio, which 

Figure 1. Map of sampling locations where Pieris napi 
males used in the present study were collected. Latitude: 
Italy (light grey circles), Germany (dark grey circles) and 
Sweden (black circles). Altitude: 400 m (light grey triangles), 
1000 m (dark grey triangles), 1700 m (black triangles).
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might affect flight aerodynamics in butterflies (Ortega 
Ancel et al., 2017). Wing loading was calculated as total 
body mass divided by forewing area, and wing aspect 
ratio to characterize wing shape as 4 × forewing length2 
divided by forewing area (high values reflect long and 
narrow wings; Berwaerts et al., 2002). Wing coloration 
was measured as the degree of melanization (%) and 
yellow reflectance. Melanization measures are based 
on the complete wings. We used a threshold approach 
(Stoehr & Goux, 2008; Chaput-Bardy et al., 2014) in 
Adobe Photoshop CS6 (128 on a scale of 0 to 255), which 
transforms all pixels in either black or white. The 
proportion of black pixels was afterwards calculated. 
To assess yellow wing reflectance as a sexually selected 
signal, we used an USB2000 fibre optic spectrometer 
and a PX-2 pulsed xenon light source (Ocean Optics 
Inc) in a darkened room. We measured light reflectance 
(300–800 nm) at three specific points of fixed size 
per wing (Fig. 2), keeping the optic fibre at a right 
angle and a fixed distance from the wing surface. The 
spectral information was limited to the range 570–
590 nm because this part of the spectrum reflects the 
human-visible yellow light perception. For statistical 
analyses, we used the mean values for the range 570–
590 nm averaged over the three points per wing. Yellow 

reflectance is given as the yellow light reflected by the 
sample in relation to a white standard.

STATISTICAL ANALYSES

All data were analysed using general linear mixed 
models (GLMMs) with origin (Italy, Germany, Sweden) 
or altitude (400, 1000 and 1700 m) as a fixed factor and 
population as a random effect (nested within origin or 
altitude). Hindwing melanization was log

e
-transformed 

prior to analyses to meet GLMM requirements in 
the altitudinal cline. Throughout the text, weighted 
means with ±1SE are given. All statistical tests were 
performed with Statistica 12.0 (StatSoft).

RESULTS

LATITUDINAL GRADIENT

Origin significantly affected total body mass, thorax-
abdomen ratio, wing loading, forewing area, wing 
aspect ratio, hindwing area, hindwing melanization and 
hindwing yellow reflectance, while thorax mass, abdomen 
mass, fore-/hindwing ratio, forewing melanization and 
forewing yellow reflectance did not differ significantly 
(Table 1). Italian individuals were significantly heavier 
and larger and had a lower wing loading than German 
or Swedish individuals, with the differences between the 
latter two not always being significant (Fig. 3). Thorax–
abdomen ratio was higher in Italian and Swedish than 
in German butterflies, wing aspect ratio in Italian and 
German than in Swedish butterflies, and hindwing 
melanization in German and Swedish than in Italian 
individuals. Yellow reflectance of hindwings was highest 
in Italian followed by German and finally Swedish 
animals. Thorax mass (I: 23.9 ± 0.3 mg; D: 20.9 ± 0.3 mg; 
S: 20.5 ± 0.3 mg), abdomen mass (I: 20.5 ± 0.4 mg; D: 
21.1 ± 0.4 mg; S: 17.4 ± 0.4 mg), forewing melanization (I: 
22.8 ± 0.3%; D: 21.5 ± 0.2%; S: 24.4 ± 0.2 %) and forewing 
yellow reflectance (I: 36.3 ± 0.3; D: 35.9 ± 0.3; S: 33.5 ± 0.4) 
did not differ significantly between latitudes even though 
they showed similar patterns to those mentioned above 
(Table 1). Fore-/hindwing ratio tended to be highest in 
German individuals (I: 0.924 ± 0.007; D: 0.945 ± 0.006; 
S: 0.918 ± 0.011). Significant population differences 
were found for all morphological traits except hindwing 
yellow reflectance (Table 1). Wing melanization and 
yellow reflectance were negatively correlated for both 
hindwings (Spearman r = −0.393, N = 487, P < 0.0001) 
and forewings (r = −0.263, N = 483, P < 0.0001).

ALTITUDINAL GRADIENT

Origin significantly affected thorax–abdomen ratio, 
wing loading, forewing area, wing aspect ratio, 
forewing melanization, forewing yellow reflectance, 

Figure 2. Photographs of the dorsal forewing (A) and 
ventral hindwing (B) of male Pieris napi. Black line: wing 
length; grey line: wing width; black circles: places where 
yellow reflectance had been measured (scale bar: 10 mm).
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Table 1. Results of general linear mixed models for the effects of origin (fixed factor) and population (random, nested 
within origin) on morphological traits in Pieris napi from a latitudinal gradient; significant P-values are given in bold

MS d.f F P

Total body mass

Origin 2323.6 2, 6 6.50 0.0314

Population [Origin] 360.0 6, 480 5.18 <0.0001

Error 69.5 480   
Thorax mass

Origin 458.4 2, 6 4.16 0.0735
Population [Origin] 111.1 6, 480 9.07 <0.0001

Error 12.2 480   
Abdomen mass

Origin 687.1 2, 6 5.14 0.0500
Population [Origin] 134.6 6, 480 5.92 <0.0001

Error 22.7 480   
Thorax–abdomen ratio

Origin 2.67 2, 6 7.15 0.0257

Population [Origin] 0.38 6, 480 6.82 <0.0001

Error 0.06 480   
Wing loading

Origin 584.5 2, 6 7.63 0.0224

Population [Origin] 77.1 6, 474 8.87 <0.0001

Error 8.7 474   
Fore-/hindwing ratio

Origin 0.016 2, 6 5.01 0.0524
Population [Origin] 0.003 6, 472 3.40 0.0027

Error 0.001 472   
Forewing area

Origin 120 665.2 2, 6 99.56 <0.0001

Population [Origin] 1217.7 6, 474 2.93 0.0081

Error 415.0 474   
Wing aspect ratio

Origin 3.75 2, 6 6.08 0.0358

Population [Origin] 0.62 6, 473 2.90 0.0088

Error 0.21 473   
Forewing melanization

Origin 336.5 2, 6 3.56 0.0956
Population [Origin] 95.2 6, 474 12.76 <0.0001

Error 7.5 474   
Forewing yellow reflectance

Origin 298.6 2, 6 4.16 0.0732
Population [Origin] 72.1 6, 480 3.62 0.0016

Error 19.9 480   
Hindwing area

Origin 156 208.9 2, 6 81.53 <0.0001

Population [Origin] 1926.8 6, 478 3.79 0.0011

Error 508.1 478   
Hindwing melanization

Origin 5632.5 2, 6 89.95 <0.0001

Population [Origin] 62.9 6, 478 2.62 0.0164

Error 24.0 478   
Hindwing yellow reflectance

Origin 362.3 2, 6 11.94 0.0079

Population [Origin] 30.5 6, 480 1.97 0.0687
Error 15.5 480   
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hindwing melanization and hindwing yellow 
reflectance, but none of the other traits investigated 
(Table 2). Thorax–abdomen ratio, wing loading, wing 
aspect ratio and melanization increased with altitude, 

while forewing area and yellow reflectance decreased 
(Fig. 4). Note that the intermediate altitude was not 
always significantly different from the two others. 
The trend for hindwing area was similar to that found 

Figure 3. Total body mass (A), thorax–abdomen ratio (B), wing loading (C), forewing area (D), wing aspect ratio (E), 
hindwing melanization (F) and hindwing yellow reflectance (G) of Pieris napi from a latitudinal gradient. I, Italy; G, 
Germany; S, Sweden. Different superscript letters above bars indicate significant differences among countries (Tukey’s 
honest significant difference after general linear mixed model).
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Table 2. Results of general linear mixed models for the effects of origin (fixed factor) and population (random, nested 
within origin) on morphological traits in Pieris napi from an altitudinal gradient; significant P-values are given in bold

MS d.f. F P

Total body mass

Origin 28.0 2, 6 0.09 0.9127
Population [Origin] 310.6 6, 476 3.12 0.0053

Error 99.7 476   
Thorax mass

Origin 80.2 2, 6 1.62 0.2728
Population [Origin] 51.1 6, 476 3.36 0.0030

Error 15.2 476   
Abdomen mass

Origin 19.0 2, 6 0.64 0.5560
Population [Origin] 29.6 6, 476 1.14 0.3363
Error 25.9 476   
Thorax–abdomen ratio

Origin 0.618 2, 6 7.18 0.0218

Population [Origin] 0.085 6, 476 0.82 0.5519
Error 0.104 476   
Wing loading

Origin 484.0 2, 6 13.25 0.0058

Population [Origin] 37.7 6, 463 3.04 0.0063

Error 12.4 463   
Fore-/hindwing ratio

Origin 0.012 2, 6 1.39 0.3186
Population [Origin] 0.009 6, 453 9.61 <0.0001

Error 0.001 453   
Forewing area

Origin 55 349.4 2, 6 7.80 0.0211

Population [Origin] 7419.1 6, 463 10.60 <0.0001

Error 699.6 463   
Wing aspect ratio

Origin 2.93 2, 6 5.37 0.0447

Population [Origin] 0.46 6, 462 3.69 0.0014

Error 0.13 462   
Forewing melanization

Origin 2675.0 2, 6 10.95 0.0098

Population [Origin] 255.8 6, 462 17.42 <0.0001

Error 14.7 462   
Forewing yellow reflectance

Origin 5946.5 2, 6 8.54 0.0174

Population [Origin] 724.9 6, 475 16.40 <0.0001

Error 44.2 475   
Hindwing area

Origin 47 022.4 2, 6 4.94 0.0535
Population [Origin] 9945.6 6, 462 11.88 <0.0001

Error 837.0 462   
Hindwing melanization

Origin 48.5 2, 6 22.64 0.0015

Population [Origin] 2.2 6, 461 9.08 <0.0001

Error 0.2 461   
Hindwing yellow reflectance

Origin 4290.1 2, 6 8.10 0.0196

Population [Origin] 551.3 6, 476 16.81 <0.0001

Error 32.8 476   
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for forewing area (400 m: 274.2 ± 2.3 mm2; 1000 m: 
268.0 ± 2.5 mm2; 1700 m: 230.5 ± 2.5 mm2). We found 
significant variation among populations for all traits 
except for abdomen mass and thorax–abdomen ratio 
(Table 2). Wing melanization and yellow reflectance 
were negatively correlated for both hindwings 
(Spearman r = −0.322, N = 470, P < 0.0001) and 
forewings (r = −0.121, N = 471, P = 0.0088).

DISCUSSION

Our results  show pronounced var iat ion in 
morphological traits across a latitudinal and 
an altitudinal cline. While some patterns were 
remarkably similar across the different clines, others 
showed striking differences. Below, we start by 
discussing the patterns of phenotypic variation found 
and their potential adaptive significance, the latter 
including genetic adaptation as well as phenotypic 
plasticity as underlying mechanisms, between which 

we cannot differentiate here. We then discuss whether 
the patterns found may possibly arise from genetic 
adaptation, phenotypic plasticity or genotype by 
environment interactions.

BODY SIZE

Body mass declined with increasing latitude but not 
with increasing altitude. However, body mass does not 
reliably reflect body size, as it is strongly dependent on 
age. Indeed, in butterflies and other insects, body mass 
generally decreases with increasing age (Stjernholm 
& Karlsson, 2000; Norberg & Leimar, 2002). Moreover, 
previous mating events may also introduce error, as 
spermatophores transferred to females may represent 
up to 10–15% of the body mass of male P. napi (Svärd 
& Wiklund, 1989; Wiklund & Kaitala, 1995). Although 
we tried to collect fresh specimens of the first 
generation, the above factors will obviously introduce 
some error. Wing area, in contrast, is fixed upon adult 
eclosion and does not change with age, and is therefore 

Figure 4. Thorax–abdomen ratio (A), wing loading (B), forewing area (C), wing aspect ratio (D), hindwing melanization 
(E) and hindwing yellow reflectance (F) of Pieris napi from an altitudinal gradient. Different superscript letters above bars 
indicate significant differences among altitudes (Tukey’s honest significant difference after general linear mixed model).
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much more reliable in estimating size. Here, both fore- 
and hindwing area tended to decrease with increasing 
latitude and altitude (cf. Sepsis fulgens; Rohner et al., 
2019). We thus conclude that there is a uniform trend 
towards smaller size in cooler climates. This challenges 
both Bergmann’s rule and the temperature–size 
rule, predicting the occurrence of larger individuals 
in cooler regions (Cushman et al., 1993; Chown & 
Gaston, 1999; Angilletta & Dunham, 2003). In general, 
P. napi as well as the congeneric species Pieris rapae 
do follow the temperature–size rule (Jones et al., 1982; 
Bauerfeind & Fischer, 2013a, b). However, clines not 
following Bergmann’s size rule are not exceptional, and 
have been reported in several taxa (Blanckenhorn & 
Demont, 2004; Blanckenhorn et al., 2006). Saw-tooth-
shaped patterns and benefits of compound interests 
do probably not apply here, as the smaller individuals 
from cooler climates have fewer generations a year 
(Cole, 1954; Mousseau & Roff, 1989; Fischer & Fiedler, 
2002). Low-altitude populations are multivoltine with 
up to four generations a year, while high-altitude 
and high-latitude populations are strictly univoltine 
(Müller & Kautz, 1938; Espeland et al., 2007; Tolman 
& Lewington, 2008). Whether selection for short 
development time in colder areas may nevertheless 
have caused the smaller body size is currently unclear, 
but appears unlikely due to the changes in voltinism. 
We thus suspect that warmer conditions may be more 
beneficial for the development of Pieris species than 

cooler conditions (David & Gardiner, 1962; Angilletta & 
Dunham, 2003). Alternatively, host-plant availability 
and/or quality may contribute to the pattern found, as 
P. napi body size responds very strongly to variation 
therein (Bauerfeind & Fischer, 2013b; Kivelä et al., 
2017).

FLIGHT-RELATED MORPHOLOGY

Overall, no clear patterns were found for flight-related 
morphology. Italian butterflies had the lowest wing 
loading although they were heaviest. Thus, variation 
in wing area was much larger than variation in body 
mass. German individuals had small wings relative 
to their body mass. Hence, they had the highest wing 
loading. In the altitudinal cline, the high-altitude 
populations showed the highest wing loading, caused 
by their relatively small wing area in combination 
with a lack of variation in body mass across altitudes. 
These patterns do not allow for any firm conclusions 
regarding selection on wing loading. Interestingly, 
thorax–abdomen ratio and wing aspect ratio increased 
with increasing altitude. Both traits are related to 
increased flight performance and manoeuvrability in 
insects (Berwaerts et al., 2002; Dudley, 2002; Hassall, 
2015). However, no clear pattern for thorax–abdomen 
ratio and an opposite trend for wing aspect ratio 
were found in the latitudinal cline. The latter results 
indicate that there might be no strong selection on 

Table 3. Mean annual temperature and precipitation as well as mean January and July temperature from the 18 
sampling locations along a latitudinal (Italy, Germany, Sweden) and an altitudinal (400 m, 1000 m, 1700 m a.s.l.) gradient; 
all climate data were taken from https://de.climate-data.org, last accessed April 25, 2019)

Country City Mean annual 
temperature (°C)

Mean annual pre-
cipitation (mm)

Mean tempera-
ture January (°C)

Mean tempera-
ture July (°C)

Italy Torino 12.6 846 1.4 23.6
 Pavia 12.9 952 2.1 23.3
 Mantova 13.0 797 1.9 23.6
Germany Wahrenholz 8.7 621 0.1 17.6
 Rathenow 9.0 536 −0.1 18.2
 Strausberg 8.9 553 −1.4 18.4
Sweden Örebro 6.1 633 −2.4 17.2
 Eskilstuna 6.2 574 −3.2 17.0
 Stockholm 7.0 527 −2.3 17.9
400 m a.s.l. Gravellona Toce 11.3 1069 1.6 21.1
 Osasco 12.4 780 2.4 22.4
 Madonna 

dell’Olmo
12.0 770 3.6 21.1

1000 m a.s.l. Chiezzo 9.5 1086 0.3 18.8
 Mentoulles 8.4 907 −0.7 17.7
 Entracque 10.3 828 2.4 19.0
1700 m a.s.l. Pian della Rossa 11.3 1035 0.6 21.4
 Troncea 5.9 1092 −2.6 14.8
 Pian del Valasco 3.9 1254 −4.0 12.6
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flight performance across latitude. In contrast, higher 
altitudes may potentially be associated with selection 
on increased flight performance. This might be, for 
instance, related to the occurrence of stronger winds 
at high altitude (cf. Norry et al., 2001; Hodkinson, 
2005). These effects appear to counterbalance the 
effects of low air density on wing morphology at high 
altitude (Pitchers et al., 2012). To compensate for low 
lift capacity, butterflies might be able to increase 
wing beat frequency, which may explain their high 
thorax–abdomen ratio, as flight muscles are located in 
the thorax. However, any firm conclusions regarding 
variation in thorax–abdomen ratio seem premature, as 
not only total mass but also the allocation to different 
body parts is affected by age in P. napi (Stjernholm & 
Karlsson, 2006).

WING COLORATION

For wing coloration, we found clear and consistent 
patterns across clines: melanization increased 
while yellow reflectance decreased towards colder 
environments. Comparable results have been obtained 
from altitudinal and latitudinal gradients in Norway 
(Espeland et al., 2007; Tuomaala et al., 2012) and 
China (Xing et al., 2018). A darker coloration increases 
heat absorption, and therefore enables higher levels 
of activity in cooler environments (Guppy, 1986; 
Ellers & Boggs, 2004; Stoehr & Goux, 2008). Thus, 
darker individuals can more readily reach mating 
partners, nectar plants and host plants (Berger et al., 
2008). Accordingly, thermal melanization has been 
repeatedly shown in a variety of taxa (Majerus, 1998; 
Ellers & Boggs, 2002; Peñuelas et al., 2017). The above 
pattern was especially pronounced in hindwings. This 
was expected as P. napi often uses lateral (Dennis & 
Shreeve, 1989) along with dorsal basking (Kingsolver, 
1985). While strong melanization is favoured in cool 
environments, it may cause overheating in warm 
areas (Watt, 1968; Kingsolver & Watt, 1983; Van Dyck 
et al., 1997). Thus, clinal variation in melanization 
may result from both, selection to increase it in cooler 
but also to decrease it in warmer environments.

Interestingly, yellow coloration showed the opposite 
pattern compared with melanization. Yellow coloration 
in pierids is presumably a sexually selected character 
increasing mating rates (Morehouse & Rutowski, 
2010), being caused by pterins (Pfeiler, 1968). In some 
Heliconius species, yellow wing pigmentation and 
mate preferences are also correlated (Chamberlain 
et al., 2009). Both pigments, melanin and pterin, 
are proteins, the production of which is considered 
to be costly (Talloen et al., 2004; Morehouse & 
Rutowski, 2010). We thus assume that both proteins 
are involved in a trade-off, supported by negative 
phenotypic correlations, with individuals from cooler 

environments being forced to invest more into thermal 
melanization, while individuals from warmer areas 
are able to invest more into sexually selected traits 
(Ellers & Boggs, 2003).

CONCLUSIONS: PLASTICITY VS. GENETIC 
ADAPTATION

Other studies on the P. napi species complex have 
revealed that clinal variation in morphology has a 
genetic basis (Espeland et al., 2007; Tuomaala et al., 
2012). Our study, exclusively based on field-collected 
male P. napi butterflies, revealed some evidence for 
adaptive variation along geographical clines. However, 
our approach does not allow for distinguishing 
between genetic adaptation and phenotypic plasticity, 
such that the relative contribution of both remains 
unclear. The difficulty in distinguishing between the 
two arises from the fact that both sources may result 
in very similar if not identical phenotypes, although 
this is not necessarily the case (Schäfer et al., 2018; 
Rohner et al., 2019). For instance, darker wings may 
arise from genetic differentiation or a plastic response 
to cooler environments. Examples for both can be 
found in the literature (Ellers & Boggs, 2002; Espeland 
et al., 2007; Karl et al., 2009). Interestingly, Tuomaala 
et al. (2012) could not show increased melanization of 
dorsal forewings in P. napi males reared in a common 
environment. The fact that we found such a pattern 
suggests a pronounced impact of plasticity on the 
pattern found. Similarly, yellow reflectance of wings 
is probably affected by genetic and environmental 
sources. Pieris butterflies are seasonally polyphenic 
in wing coloration, also indicating a strong plastic 
component (Bowden, 1978; Kingsolver & Wiernasz, 
1991). Likewise, body size is a highly plastic character, 
responding strongly to temperature, food quality and 
food quantity, in pierids and beyond (Jones et al., 1982; 
Kindlmann & Dixon, 1992; Bauerfeind & Fischer, 
2013a). On the other hand, body size has been shown 
to exhibit genetic variation with moderate to high 
heritabilities (Partridge & French, 1996; Gilchrist & 
Huey, 2004; Fischer & Karl, 2010). Because P. napi 
does in general follow the temperature–size rule, we 
speculate that the lower body sizes found in cooler 
environments result in the first place from genetic 
variation.

To add further complexity, other sources of variation 
may include genotype–environment interactions and 
parental effects, which have been commonly observed 
in various taxa (e.g. Brakefield & Kesbeke, 1997; Uhl 
et al., 2004; Schäfer et al., 2018). However, all these 
sources of variation form jointly the (adaptive) response 
to environmental variation, the investigation of which 
was the principal aim of this paper. Evidence for adaptive 
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patterns stems mainly from parallel latitudinal and 
altitudinal variation in wing coloration and associated 
trade-offs. Furthermore, body size showed parallel 
patterns among different types of clines. However, 
note that clinal variation may not necessarily result 
from adaptive evolution, but alternatively result from 
plastic responses to environmental variation (Schäfer 
et al., 2018). The advantage of our approach is that 
all individuals grew up in their natural environment 
and therefore under ecologically relevant conditions. 
To further investigate the mechanisms underlying the 
patterns found here is an important task for future 
research (e.g. by using common garden set-ups). Our 
study documents, despite the above shortcomings 
regarding underlying mechanisms, the usefulness of 
field-collected specimens to identify target traits of 
selection, and the strength of comparing latitudinal 
and altitudinal clines.
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Abstract
Understanding how organisms adapt to complex environments is a central goal of 
evolutionary biology and ecology. This issue is of special interest in the current era of 
rapidly changing climatic conditions. Here, we investigate clinal variation and plastic 
responses in life history, morphology and physiology in the butterfly Pieris napi along 
a pan-European gradient by exposing butterflies raised in captivity to different tem-
peratures. We found clinal variation in body size, growth rates and concomitant de-
velopment time, wing aspect ratio, wing melanization and heat tolerance. Individuals 
from warmer environments were more heat-tolerant and had less melanised wings 
and a shorter development, but still they were larger than individuals from cooler 
environments. These findings suggest selection for rapid growth in the warmth and 
for wing melanization in the cold, and thus fine-tuned genetic adaptation to local 
climates. Irrespective of the origin of butterflies, the effects of higher developmen-
tal temperature were largely as expected, speeding up development; reducing body 
size, potential metabolic activity and wing melanization; while increasing heat toler-
ance. At least in part, these patterns likely reflect adaptive phenotypic plasticity. In 
summary, our study revealed pronounced plastic and genetic responses, which may 
indicate high adaptive capacities in our study organism. Whether this may help such 
species, though, to deal with current climate change needs further investigation, as 
clinal patterns have typically evolved over long periods.

K E Y W O R D S

climatic adaptation, cline, environmental gradient, genetic adaptation, local adaptation, Pieris 

napi, thermal melanisation, thermoregulation
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1  | INTRODUC TION

Understanding how organisms adapt to complex environments is 
of special interest in the current era of rapidly changing climatic 
conditions (Parmesan, 2006; Parmesan et al., 1999). Widespread 
species have to cope with a variety of environmental conditions 
within their distribution ranges. Accordingly, selective pressures 
show spatial variation, which often results in geographic differ-
ences in fitness-related traits (Kawecki & Ebert, 2004). Evidence 
for such local adaptation stems, among others, from clinal variation, 
suggesting a contribution of selection to the differentiation among 
populations (Bradshaw & Holzapfel, 2008; Chown & Klok, 2003; 
Robinson & Partridge, 2001; Sambucetti, Loeschcke, & Norry, 2006; 
Van Doorslaer & Stoks, 2005). Putative examples include increased 
body size (Arnett & Gotelli, 1999a; Chown & Klok, 2003) and growth 
rates (Van Doorslaer & Stoks, 2005) but reduced developmental 
time (Robinson & Partridge, 2001) and heat tolerance (Hoffmann 
& Rieseberg, 2008; Kapun, Fabian, Goudet, & Flatt, 2016) with in-
creasing latitude.

As temperature is an important ecological factor, thermal se-
lection is believed to cause or at least contribute to local adapta-
tion (Reeve, Fowler, & Partridge, 2000). Potential target traits of 
thermal selection include body size, locomotory performance and 
coloration. Animals are generally predicted to be larger in cooler 
environments based on both the Bergmann's rule and the tempera-
ture-size rule (Arnett & Gotelli, 1999b; Chown & Gaston, 1999). 
However, converse Bergmann's clines have also been found in in-
sects (Blanckenhorn & Demont, 2004; Blanckenhorn, Stillwell, 
Young, Fox, & Ashton, 2006). Due to a shorter season length and 
lower ambient temperatures, there is also strong selection on fast 
growth at higher latitudes. Such countergradient variation helps 
animals to maintain their optimal body size even under challenging 
conditions (Arendt, 1997; Blanckenhorn & Demont, 2004). Likewise, 
in flying insects increased flight performance is expected in cooler 
environments. This is because high body temperature is needed for 
flight, resulting in thermal limitations in the cold (Berwaerts, Dyck, & 
Aerts, 2002; Dahlgaard, Hasson, & Loeschcke, 2001; Norry, Bubliy, 
& Loeschcke, 2001). Moreover, thermal melanization increasing heat 
absorption has been frequently found in cooler environments (Ellers 
& Boggs, 2004; Watt, 1968).

Although living in cool environments may constrain life histories 
(see above), high temperatures may also involve physiological costs. 
They have direct effects on cellular processes and metabolism, and 
may induce oxidative stress and concomitantly costly antioxidant re-
sponses (Gillooly, Brown, West, Savage, & Charnov, 2001). Oxidative 
stress is an imbalance between the production of reactive oxygen 
species (ROS), typically increasing with metabolism and thus tem-
perature in ectotherms, and antioxidant defences, resulting in higher 
oxidative damage (Ju, Wei, Wang, Zhou, & Li, 2014; Tumminello & 
Fuller-Espie, 2013). Important parameters in this context are conse-
quently metabolic rate potentially affecting the production of ROS, 
the degree of oxidative damage and antioxidant defence mechanisms 
(Ju et al., 2014; Žagar, Carretero, Marguč, Simčič, & Vrezec, 2018).

In an earlier study using exclusively field-collected individuals of 
the butterfly Pieris napi, we found clinal variation in body size and 
wing coloration (Günter et al., 2019). Specifically, we showed that 
body size and the wings’ yellow reflectance decreased whereas 
wing melanization increased with increasing latitude and altitude. 
However, the sources of variation, namely the relative contribution 
of genetic versus plastic responses, remained unknown in this ear-
lier study and are a scientific field that still has open questions and 
needs more investigation (for a review, see Crispo, 2008). Against 
this background, we here set out to investigate clinal variation in 
P. napi using a common garden design with replicated populations 
from Italy to Sweden. We investigate traits related to body size, 
flight performance, wing coloration, physiological status and stress 
resistance, as local adaptation in such traits is at least partly still not 
well understood. We hypothesize that genetic variation in such traits 
is widespread as is plasticity therein and that responses are modu-
lated by interactions between both sources of variation. Specifically, 
we predict (a) reduced growth rates (countergradient variation), 
metabolic potential, flight performance and wing melanization but 
increased heat tolerance and defence mechanisms to fight oxidative 
stress at lower latitudes (genetic variation), and (b) higher growth 
rates, metabolic potential, heat tolerance and defence mechanisms 
to fight oxidative stress but reduced body size, flight performance 
and wing melanization at a higher compared with a lower develop-
mental temperature (plastic responses).

2  | MATERIAL S AND METHODS

2.1 | Study organism and experimental populations

The green-veined white butterfly Pieris napi L. is a widespread 
temperate-zone butterfly, occurring throughout Europe and the 
temperate zone of Asia (Ebert & Rennwald, 1993). In Europe, it is 
one of the most common butterflies. Nevertheless, it is predicted 
to suffer from anthropogenic climate change because of its asso-
ciation with moist habitats (Fox et al., 2015). Larvae feed on a va-
riety of Brassicaceae, with Alliaria petiolata Cavara & Grande being 
the most important one. Brassicaceae are also the preferred nectar 
plants. Pieris napi is a polyandrous species in which males transfer 
large nuptial gifts to their female partners (Bergström & Wiklund, 
2002). Accordingly, males are larger than females (Wiklund & 
Kaitala, 1995).

2.2 | Sampling locations

For this study, we collected freshly eclosed, spring generation fe-
males from a total of nine populations along a latitudinal gradient 
from northern Italy to Sweden (Figure 1). We sampled three repli-
cate populations each in northern Italy (I: Torino 45.11°N/7.48°E, 
Pavia 45.21°N/9.27°E and Mantova 45.21°N/10.75°E), north-
ern Germany (G: Wahrenholz 52.64°N/10.61°E, Rathenow 
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52.65°N/12.44°E and Strausberg 52.60°N/13.86°E) and Sweden 
(S: Örebro 59.29°N/15.01°E, Eskilstuna 59.36°N/16.54°E and 
Stockholm 58.95°N/17.58°E). Mean annual (Italy: 13ºC; Germany: 
9ºC; and Sweden: 6ºC) and the mean temperature during the veg-
etation period (May to September; Italy: 21ºC; Germany: 16ºC; and 
Sweden: 14ºC) followed a temperature gradient across latitudes, 
whereas precipitation is higher in Italy than in Germany and Sweden 
(Table S1). The minimal straight distance between two populations 
was 73 km, and the total latitudinal gradient spanned ca. 1,660 km. 
We collected a total of 74 females from Italy, 94 from Germany and 
76 from Sweden between 19 April and 14 June 2016. All females 
were afterwards transferred to Greifswald University for egg laying. 
Of these, 36, 37 and 37 females, respectively, produced sufficient 
offspring and thus contributed to the experiments below, resulting 
in a total number of 1,829 offspring.

2.3 | Experimental design

Field-caught females were kept individually in translucent 1-litre 
plastic pots covered with gauze, which were placed into a climate 
chamber set at a constant temperature of 25°C, 65% relative humid-
ity and a photoperiod of L18:D6. Females were fed ad libitum with 
water, a 10% sugar solution and additionally flowers (e.g. Sambucus 

nigra, Taraxacum spec. and Senecio spec.). For oviposition, they were 
provided daily with a fresh cutting of A. petiolata. The resulting eggs 
were collected daily, counted and kept separated by oviposition day 
and female under the above conditions until hatching. Eggs were col-
lected until the death of the females. After hatching, all larvae were 
transferred individually to translucent plastic pots (250 ml) lined with 
moist tissue and cuttings of A. petiolata ad libitum. Host plants were 
replaced on a daily basis. On day 3 after hatching, larvae were ran-
domly divided among two rearing temperatures (18 and 25°C), using 
a split-brood design. These temperatures were chosen to mimic 
summer conditions (July) in Germany/Sweden and Italy (Table S1). 
Larval rearing took place in climate cabinets (Sanyo MLR-351H) at 
60% relative humidity and L18:D6. For each individual, we recorded 
larval development time, pupal development time and pupal mass 
(one day after pupation, KERN ABJ-120-4M; 0.1 mg accuracy). 
Larval growth rate was calculated as the natural logarithm of pupal 
mass/larval time. One day after adult eclosion, butterflies were sub-
jected to a heat knock-down assay. Therefore, they were individually 
placed into translucent plastic pots (100 ml) in a randomized block 
design and exposed to a constant temperature of 43°C (climate cabi-
net Sanyo MIR-553). The time until physical knock-down, character-
ized by an inability to move in a coordinated manner, was recorded. 
Butterflies were afterwards frozen at −80°C for later analyses.

Frozen butterflies were later thawed, and their adult fresh mass 
was measured with a digital scale (KERN ABJ-120-4M). Then, the 
head, wings and legs were removed, and the thorax and abdomen 
were separated before being weighed. The thorax–abdomen ratio 
was calculated as the thorax mass divided by the abdomen mass. 
Butterfly wings were used to measure wing morphology and 
melanization. Therefore, we took a photograph of one dorsal fore-
wing and one ventral hindwing per individual under standardized il-
lumination with a PC microscope camera (Veho MS-004 Discovery 
Deluxe USB Microscope). The ventral hindwing was used as its 
melanization is known to influence heat gain during lateral basking 
(Heinrich, 1996), whereas dorsal forewing melanization influences 
the heat gain during dorsal basking (Kingsolver, 1987). To score 
wing area, we used the ‘lasso’ function in Adobe Photoshop CS6. 
Wing melanization was defined as the percentage of black wing area 
(Figure S2). We used a threshold approach with a fixed value of 128 
(on a scale of 0 to 255), turning each pixel on the butterfly wing into 
either black or white (Adobe Photoshop CS6). We additionally calcu-
lated forewing-to-hindwing ratio (forewing area divided by hindwing 
area), wing loading (total body mass divided by forewing area) and 
wing aspect ratio to examine wing shape (4 × forewing length2 di-
vided by forewing area; Berwaerts et al., 2002).

F I G U R E  1   Map of sampling locations of Pieris napi individuals 
used in the present study. Italy (light grey circles), Germany (dark 
grey circles) and Sweden (black circles)
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2.4 | Physiological parameters

We measured the following parameters related to oxidative stress: 
(a) potential metabolic activity (PMA), (b) two markers of antioxidant 
defences: total haemolymph antioxidant capacity (OXY) and glu-
tathione (a nonenzymatic antioxidant; GSH) and (c) three markers of 
oxidative damage: hydroperoxide concentration (a reactive oxygen 
metabolite; ROM), malondialdehyde concentration (a marker of lipid 
peroxidation; MDA) and DNA damage (8OHdG). To keep the size of 
the experiments manageable, PMA, OXY and ROM were only meas-
ured in males. Frozen abdomen was cut into two similar-sized parts 
and weighed (± 0.1 mg). The first half was used to measure PMA, 
whereas the second half was used to measure OXY and ROM. For 
measuring GSH, MDA and 8OHdG, we used thoraces and abdomen 
from other males and females. For details on measuring physiologi-
cal parameters, see Supplementary Material S3.

3  | Stat ist ica l  analyses

All data on developmental and morphological traits were analysed 
using nested ANOVAs with country (Italy, Germany and Sweden), 
sex, temperature and all resulting interactions as fixed factors, 
and replicate population as well as family (i.e. the offspring of an 
individual female) as random effects. Population was nested within 
country and family within country and population. The physiological 

parameters PMA, OXY and ROM were analysed with similar 
ANOVAs, but without the factors sex (as only males were used 
here) and family (owing to small sample sizes per family). Likewise, 
MDA, GSH and DNA damage were analysed using similar ANOVAs, 
including sex but once again excluding family effects because of 
small sample sizes per mother. Pupal time was ln-transformed, 
PMA, ROM and OXY were log-transformed, and DNA damage as 
well as GSH was 1/x-transformed prior to analyses to meet ANOVA 
requirements. Models were constructed by stepwise backward re-
moval of nonsignificant interactions (Table S4). Owing to the high 
number of statistical tests, we corrected all p-values for table-wide 
false discovery rates using the Bonferroni–Holm method (Table 1). 
To reduce the complexity of the data set, we additionally performed 
PCAs. Resulting PC scores were analysed with nested ANOVAs as 
indicated above (Table S5). Throughout the text, means are given 
as ± 1 SE. All statistical tests were performed with Statistica 12.0 
(Tulsa, StatSoft, OK).

4  | RESULTS

4.1 | Developmental traits, morphology and heat 
knock-down time

After correcting for multiple testing, country significantly af-
fected wing melanization only (Table 1; for details see Table S4). 

 Country Popul Family Sex Temp Country*Temp

Larval time   *** *** *** ***

Pupal time   ***  ***  

Pupal mass  *** *** *** *** ***

Larval growth rate  ***  *** *** ***

Adult mass   *** *** ***  

Thorax mass   *** *** ***  

Abdomen mass   *** *** *** ***

Thorax/Abdomen    *** *** ***

Forewing area  *** *** *** ***  

FW melanization ***  *** *** *** ***

Hindwing area  *** *** *** ***  

HW melanization ***  *** *** ***  

FW-HW ratio  *** *** ***   

Wing loading   *** *** ***  

Wing aspect ratio    ***   

Heat tolerance   *** *** ***  

PMA     ***  

Note: Indicated are only effects being significant after Bonferroni–Holm correction (***). Country-
by-sex, sex-by-temperature and three-way interactions were nonsignificant throughout. The 
following traits were not significantly affected by any factor: OXY (total antioxidant capacity), 
ROM (reactive oxygen metabolites), malondialdehyde, DNA damage and glutathione. For details on 
statistical tests, see Table S4.
Abbreviations: FW, forewing; HW, hindwing; PMA, potential metabolic activity.

TA B L E  1   Results of nested ANOVAs 
for the effects of country (fixed factor), 
population (random, nested within 
country), family (random, nested within 
country and population), sex and 
temperature (both fixed) on various traits 
in Pieris napi from a latitudinal gradient
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Forewing and hindwing melanization were higher in Swedish fol-
lowed by German and finally Italian butterflies (S > G> I; Tukey 
HSD after ANOVA; Figure 2a). Additionally, the PCA revealed that 
Italian individuals were significantly heavier/larger than German 
and finally Swedish ones (PC1: I > G> S; F2,6 = 13.5, p = .0060; 

Figure 2b). PC1 was strongly correlated with all measures of body 
size (all r-values > .73; Table S5). Despite being larger, Italian lar-
vae had the shortest development time, realized by higher growth 
rates compared with German or Swedish larvae (PC2: I > G = S; 
F2,6 = 43.3, p = .0003; Figure 2c). PC2 was positively related to 
larval time (r = .713) but negatively to larval growth rate (r = −.749). 

Regarding potentially flight-related traits, wing loading (PC2; see 
above; r = .729) and wing aspect ratio (PC5; F2,6 = 8.4, p = .0182; 
r = .473) were higher in German and Swedish than in Italian indi-
viduals (G = S> I; Figure 2d), whereas thorax–abdomen ratio (PC3, 
p = .0869) did not attain significance. PC6, being strongly related 
to heat knock-down time (r = .794), also differed significantly 
among countries (I > G = S; F2,6 = 5.9, p = .0375; Figure 2e). For sev-
eral traits, significant differences among populations and families 
were detected (Table 1).

Significant temperature and sex differences were found for 
all traits investigated except for pupal time (no sex difference) 

F I G U R E  2   Hindwing melanization (a), abdomen mass (b), larval growth rate (c), wing loading (d) and heat knock-down time (e) of Pieris napi 

in relation to latitude (Italy, I; Germany, G; and Sweden, S) and rearing temperature (18°C and 25°C). Different letters above boxes indicate 
significant differences between groups. All data are pooled across sexes. Group samples sizes range between 90 and 333 individuals for all 
traits
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and forewing-to-hindwing and wing aspect ratio (no temperature 
difference) (Table 1). Rearing individuals at the higher compared 
with the lower temperature resulted in shorter larval and pupal 
development times; higher larval growth rate, thorax–abdomen 
ratio and heat stress resistance; lower pupal, adult, thorax and 
abdomen masses, forewing and hindwing melanization and wing 
loading; and smaller hindwings and forewings (Figure 2; Figure S6). 
Females had significantly longer larval development times; a lower 
larval growth rate, pupal and thorax mass, thorax–abdomen ratio, 
hindwing melanization and wing aspect ratio; smaller forewings 
and hindwings; and higher adult and abdomen masses, forewing 
melanization, forewing–hindwing ratio, wing loading and heat 
stress resistance than males.

The above-mentioned general patterns were partly modulated 
by interactive effects (Table 1). Country-by-temperature interac-
tions were significant for larval time, pupal mass, larval growth rate, 
abdomen mass, thorax–abdomen ratio and forewing melanization. 
In addition, these interactions were often caused by variation in ab-
solute values, while relative changes were similar. For instance, the 
higher developmental temperature reduced larval time by 4.5 (Italy), 
5.1 (Germany) and 5.5 days (Sweden), causing the significant interac-
tion. In relative terms, this is equivalent to a reduction in 30.0, 29.3 
and 32.3%. We therefore mention below only those interactions, 
which reflect differences in relative changes > 5% among countries 
for a specific trait (see also Figure S6). The higher temperature re-
duced abdomen mass more strongly in German (−21.8%) than in 
Italian (−11.6%) or Swedish (−8.8%) individuals (Figure 2b). Moreover, 
thorax–abdomen ratio increased by 11.0% in German individuals at 
the higher temperature, whereas it remained virtually unaffected 
in Italian (−0.4%) or Swedish (−2.7%) individuals. Regarding heat 
knock-down time, plasticity was highest in Italian animals, show-
ing an increase by 32.1% at the higher temperature compared with 
17.9% in Swedish and 3.0% in German individuals (Figure 2f). Note 
that the latter interaction was not significant after Bonferroni–Holm 
correction, but well in the PCA (PC6: F2,717 = 11.2, p < .0001). Sex-
by-temperature, country-by-sex and three-way interactions were 
nonsignificant throughout.

4.2 | Physiological traits

Regarding temperature effects, PMA was significantly higher 
at 18°C (0.646 ± 0.017 µl O2/mg protein/hr) than at 25°C 
(0.547 ± 0.019 µl O2/mg protein/hr; Table 1). All other effects 
were nonsignificant.

5  | DISCUSSION

5.1 | Latitudinal variation

Wing melanization, development time, wing loading and wing as-
pect ratio increased, whereas body size, larval growth rate and 

heat tolerance decreased with increasing latitude. The patterns 
found for wing melanization, body size and wing loading are in 
agreement with data based on field-caught individuals from the 
same cline (Günter et al., 2019). Thus, variation in these traits 
seems to be buffered across environments. For wing aspect ratio, 
though, a cline opposite to the one reported earlier was found. This 
may indicate a large environmental impact on wing aspect ratio. 
However, overall there was once again no evidence for strong se-
lection on flight-related morphology across latitudes (Günter et al., 
2019). For instance, there was no variation in thorax–abdomen 
ratio and contradictory evidence for wing aspect ratio versus wing 
loading. Although the increase in wing aspect ratio with latitude is 
associated with better manoeuvrability in insects, a higher wing 
loading is clearly detrimental for flight (Berwaerts et al., 2002; 
Hassall, 2015).

The finding that individuals from warmer rather than cooler envi-
ronments were larger challenges both the Bergmann's and the tem-
perature-size rule (Angilletta & Dunham, 2003; Chown & Gaston, 
1999). As converse Bergmann size clines have been repeatedly re-
ported (Blanckenhorn & Demont, 2004; Blanckenhorn et al., 2006), 
we suggest that body size is not directly under thermal selection 
but perhaps more closely associated with season length. Warmer 
climates are more beneficial for the development of Pieris species 
than cooler ones (Angilletta & Dunham, 2003), probably resulting 
in the pattern observed. Additionally, German individuals appeared 
to be more plastic than Italian or Swedish ones with regard to abdo-
men mass. However, this was not found in other body size-related 
traits, such that no general conclusions seem possible. Despite being 
larger, Italian larvae exhibited the shortest larval development time, 
realized by a higher growth rate compared with German or Swedish 
ones. Again, this finding challenges our a priori prediction (counter-
gradient variation). Thus, populations from warm climates seem to 
be selected for rapid growth, enabling simultaneously short devel-
opment time and large size. Perhaps, rapid growth enables squeez-
ing in more generations per year, resulting in compound interest 
benefits (Fischer & Fiedler, 2002).

The increase in wing melanization towards cooler environments 
was expected as a darker coloration increases heat absorption, in 
turn facilitating higher levels of activity (Ellers & Boggs, 2004; 
Stoehr & Goux, 2008). Therefore, darker individuals will likely more 
readily reach mating partners, nectar and host plants or escape 
predators under thermally challenging conditions (Berger, Walters, 
& Gotthard, 2008). In contrast, strong melanization may cause over-
heating in warm environments (Kingsolver & Watt, 1983; Van Dyck, 
Matthysen, & Dhondt, 1997). Thus, clinal variation in melanization 
results from both, selection to increase it in cooler but to decrease it 
in warmer environments.

Italian individuals tended to be more heat stress-resistant than 
German or Swedish ones and also showed higher levels of plasticity 
in thermal tolerance. Both were expected based on a higher risk of 
exposure to detrimentally high temperatures in warmer climates in 
southern Europe. Thus, cold-adapted populations may suffer from 
future anthropogenic climate change due to both a lower baseline 
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heat tolerance and low levels of plasticity therein (cf. Karl, Janowitz, 
& Fischer, 2008). The higher heat resistance of Italian butterflies 
might be related to higher antioxidant defences, as suggested by 
a trend towards a higher GSH concentration than in German but-
terflies. This can prevent oxidative damage caused by reactive ox-
ygen species (Hermes-Lima, 2004; Pamplona & Costantini, 2011). 
However, the parallel increase in GSH in Swedish animals seems 
surprising. We speculate that stress imposed by cold temperatures 
may yield similar effects and therefore adaptations as those imposed 
by high temperatures (Grim, Simonik, Semones, Kuhn, & Crockett, 
2013; Lalouette, Williams, Hervant, Sinclair, & Renault, 2011).

5.2 | Effects of developmental temperature

Higher temperatures generally speed up biochemical processes and 
metabolic rates, resulting in higher growth rates and thus shorter 
development times as found here (Angilletta, 2009; Blanckenhorn, 
1997; Karl et al., 2008; Kingsolver & Woods, 1997). Likewise, a re-
duction in body size respectively mass at the higher temperature 
was expected according to the temperature-size rule, a near-univer-
sal ‘law’ in ectotherms (Angilletta & Dunham, 2003; Atkinson, 1994). 
The temperature-size rule in turn results from thermal effects on 
behavioural and physiological mechanisms, namely a reduced food 
intake and a lower efficiency in converting ingested food into body 
matter at higher temperatures (Karl & Fischer, 2008).

The reduced wing loading at the higher temperature likely in-
creases flight performance (Berwaerts et al., 2002; Hassall, 2015). 
Why this should be the case is not obvious, as physical limitations 
on flight are less pronounced at higher temperatures. Thus, the 
pattern does not seem to imply adaptive plasticity, but is a conse-
quence of an apparently stronger effect of higher temperatures on 
body mass than body (wing) size. At the higher temperature, thorax–
abdomen ratio was overall higher, indicating that especially abdo-
men mass and therefore storage reserves were reduced. This likely 
reflects higher metabolic losses at the higher temperature (Karl & 
Fischer, 2008; Kingsolver & Woods, 1997). Wing aspect ratio was 
lower at the higher temperature, which may reduce flying speed 
and manoeuvrability but increase performance during long-distance 
flights (Hassall, 2015). The increased wing melanization at lower 
temperatures likely reflects adaptive plasticity (Karl, Hoffmann, & 
Fischer, 2010; Peñuelas et al., 2017). Likewise, reduced melanization 
at higher temperatures may be adaptive for preventing overheat-
ing (Kingsolver & Watt, 1983; Van Dyck et al., 1997; Watt, 1968). 
Individuals reared at the higher temperature showed an increased 
heat tolerance, reflecting a well-known pattern of adaptive pheno-
typic plasticity (Fischer & Karl, 2010; Karl et al., 2008).

The decrease in potential metabolic activity at the higher tem-
perature is counterintuitive, though similar patterns have been doc-
umented before (e.g. Žagar, Holmstrup, Simčič, Debeljak, & Slotsbo, 
2018). The mitochondrial respiratory chain is a major source of 
reactive oxygen species (ROS), which can cause cellular damage 
(Hermes-Lima, 2004). The reversible inactivation of enzymes, which 

limits enzymatic processes outside the usual temperature range 
(Simčič, Pajk, Jaklič, Brancelj, & Vrezec, 2014), may additionally 
decrease PMA. Such a reduction in enzyme activity is adaptive by 
reducing the risk of cellular damage due to ROS at higher tempera-
tures and may therefore be an ‘upstream’ antioxidant response to 
avoid oxidative stress. These antioxidant responses appear efficient, 
as none of the considered markers of oxidative damage was signifi-
cantly affected by thermal conditions.

5.3 | Sexual differences

The sexual differences found largely followed expected patterns. 
Males showed shorter development times, facilitated by higher 
growth rates, than females, which is typically explained by selec-
tion for earlier male emergence to maximize mating opportuni-
ties (Fagerström & Wiklund, 1982; Wiklund & Fagerström, 1977). 
Females had a lower pupal and thorax mass as well as smaller fore-
wings and hindwings than males, reflecting the strong selection on 
large male body size in P. napi, enabling large nuptial gifts (Bergström 
& Wiklund, 2002). Nevertheless, adult mass was actually higher in 
females, owing to a much higher mass loss upon metamorphosis in 
males, which has been described as a cost of the males’ rapid devel-
opment (Fischer, Zeilstra, Hetz, & Fiedler, 2004). Sexual differences 
in the relative investment into locomotion versus reproduction ex-
plain the females’ lower thorax–abdomen ratio but higher wing load-
ing (Berwaerts et al., 2002; Karl et al., 2008). With regard to wing 
coloration, the females’ higher degree of forewing melanization re-
sults from a second black spot which is missing in males (Tolman & 
Lewington, 2008). However, hindwing melanization, being relevant 
to heat absorption (Wasserthal, 1975), was more pronounced in 
males. This may facilitate flight ability and thus mate location under 
thermally challenging conditions (Åhman & Karlsson, 2009; Wiklund 
& Forsberg, 1991).

6  | CONCLUSIONS

Our common garden experiment revealed clinal patterns in wing 
melanization, body size and wing loading in P. napi, which are 
in strong agreement with field-based data (Günter et al., 2019). 
Likewise, laboratory and field data concur in that there is no 
clear evidence for selection on flight-related morphology across 
latitudes (Günter et al., 2019). Our present data further indicate 
shorter development times, enabled by higher growth rates, and 
increased heat tolerance at lower latitudes. These findings sug-
gest that, in P. napi, warmer climates (1) are more beneficial for 
development, (2) select for rapid growth to enable additional 
generations per year, (3) select for increased heat tolerance (and 
potentially antioxidant capacities) and (4) relax selection for ther-
mal melanization. Although (3) and (4) likely reflect thermal ad-
aptation, variation in growth trajectories and body size seems to 
be more closely related to season length. We thus found clear 
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evidence for genetic adaptation to local conditions. One caveat 
here is that our study did not control for cross-generational paren-
tal effects, but at least all offspring was reared under controlled 
conditions. Although, in general, parental effects may have impor-
tant implications (Huestis & Marshall, 2006; Mousseau & Dingle, 
1991), their influence is often rather weak as compared with those 
of the developmental environment (Robinson & Partridge, 2001), 
in particular in butterflies (Steigenga & Fischer, 2007). Note also 
that most patterns documented here are in agreement with pre-
dictions based on theory and the results of other studies (growth 
trajectories, Van Doorslaer & Stoks, 2005; heat tolerance, Fischer 
& Karl, 2010; and wing melanization, Watt, 1968; Van Dyck et al., 
1997). In general, plastic responses to temperature were more 
pronounced than differences among origins, stressing the impor-
tance of phenotypic plasticity for dealing with environmental vari-
ation. Still, several patterns prevailed under laboratory and field 
conditions. Some plastic responses were indicative of adaptive 
phenotypic plasticity, most notably in wing melanization and heat 
tolerance. Our study highlights that temperature is an important 
selective agent along latitudinal clines, though the importance of 
other forces such as season length should not be neglected.
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Supplementary Table S1 Mean annual, January, July, and May to September 

temperatures (T) as well as mean annual precipitation (prec.) for the 9 sampling 

locations along a latitudinal (Italy; Germany; Sweden) gradient. All climate data were 

taken from https://de.climate-data.org. 

 

Country City 
Annual T 

(°C) 

Annual 

prec. 

(mm) 

January T 

(°C) 

July T  

(°C) 

May to 

September 

T (°C) 

Italy 

Torino 12.6 846 1.4 23.6 20.5 

Pavia 12.9 952 2.1 23.3 20.5 

Mantova 13.0 797 1.9 23.6 20.8 

Germany 

Wahrenholz 8.7 621 0.1 17.6 15.3 

Rathenow 9.0 536 -0.1 18.2 16.0 

Strausberg 8.9 553 -1.4 18.4 16.2 

Sweden 

Örebro 6.1 633 -2.4 17.2 13.9 

Eskilstuna 6.2 574 -3.2 17.0 14.0 

Stockholm 7.0 527 -2.3 17.9 14.8 
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Supplementary Material S3: Physiological parameters 

We estimated PMA by the iodonitrotetrazolium chloride (INT) reduction capacity after 

Packard (1971) as modified by G.-Tóth (1999). The INT reduction method is used as 

a proxy for cellular respiration (Žagar et al., 2015; Bielen et al., 2016), while taking 

into account that the reduction of INT can also be extra-mitochondrial and associated 

with cytosolic, lysosomal, and peroxisomal fractions (Berridge et al., 2005; 

Maldonado et al., 2012). We homogenized half abdomens in 1.3 mL ice-cold 

homogenization buffer (0.1 M sodium phosphate buffer pH = 8.4; 75 μM MgSO4; 

0.15% (w/v) polyvinyl pyrrolidone; 0.2% (v/v) Triton-X-100) by sonication for 5 sec 

(4710; Cole-Parmer). Samples were then centrifuged for 4 min at 0°C and 9168 g 

(Sigma, 2K 15). Per sample, two replicates of 30 µL each and one blank without 

homogenate were incubated at 37°C for 15 min with 150 µL substrate solution (0.1 M 

sodium phosphate buffer pH = 8.4; 1.7 mM NADH; 0.25 mM NADPH; 0.2% (v/v) 

Triton-X-100) and 50 µL reagent solution (2.5 mM 2-(p-iodophenyl)-3-(nitrophenyl)-5-

phenyl tetrazolium chloride (INT) solution). The reaction was stopped afterwards by 

adding 50 µL of stopping solution (formalin: concentrated H3PO4; 1:1 v/v). Aliquots of 

30 µL homogenate was added to the blanks. Formazan production was determined 

spectrophotometrically from the absorbance of the sample at 490 nm against the 

blanks (Synergy Mx, BioTek). The values of PMA were estimated as the INT 

reduction capacity (µL O2 mg-1 PROT h-1) as:  

INT reduction capacity = 
��� ��� �	 ×��×�×�� ×�.��

��×�×�×�.��
 

where ‘Abs 490 nm’ is the absorption of the sample, ‘Vr’ the final volume of the 

reaction mixture (mL), ‘Vh’ the volume of the original homogenate (mL), ‘Va’ the 

volume of the aliquot of the homogenate (mL), ‘S’ the protein mass of sample (mg), 

and ‘t’ the incubation time (min). 1.30 is the factor for path length correction 

(Lampinen et al., 2018) and 1.42 for conversion to O2 volume (Kenner & Ahmed, 

1975). Protein concentration of the homogenates was measured using a Pierce™ 

BCA Protein Assay Kit (Thermo Scientific™, Rockford, IL, USA) and performed 

according to the manufacturer's recommendations for multi-mode microplate readers. 

 

For measuring the oxidative markers OXY and ROM, we followed the protocol 

described by Beaulieu et al. (2015). In short, abdomens were transferred to 

Eppendorf tubes filled with 200 μL of phosphate buffered saline (PBS: 100 mM, pH 
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7.4) and homogenized (TissueLyser II Qiagen GmbH, Hilden, Germany). Samples 

were centrifuged (15,000 g, 10 min, 4ºC). The supernatant was collected, transferred 

to a clean Eppendorf tube, and centrifuged once again (15,000 g, 10 min, 4ºC) to 

clear particles. Using the resulting supernatant, we measured (1) the total antioxidant 

capacity with the OXY-adsorbent test (Diacron International, Grosseto, Italy; 

expressed as OXY in mmol-1 HOCL neutralized), and (2) the concentration of 

hydroperoxide, a Reactive Oxygen Metabolite (ROM) resulting from the attack of 

reactive oxygen species on organic substrates (expressed in mg.dL-1 H2O2 

equivalent) with the d-ROM test (Diacron International, Grosseto, Italy). For the OXY-

adsorbent test, we diluted the supernatant (2 μL) in PBS (1:100), and for the d-ROM 

test we used undiluted supernatant (4 μL). Spectrophotometric measurements were 

conducted at 490 nm. We measured the total protein content of samples with the 

Bradford protein assay to express units of oxidative markers per mg of proteins. 

 

For measuring GSH, MDA and 8OHdG, thoraces and abdomen were homogenized 

with a TissueLyser (QIAGEN, The Netherlands) through high-speed shaking. 

Afterwards, Triton buffer was added according to sample mass (7.5 µl per 1 mg). 

Samples were shaken with 3 mm beads for one minute at 24 shakes per second and 

then cooled down for one minute on dry ice. This procedure was repeated three 

times. The resulting homogenates were centrifuged at 16249 g for 30 min at 4°C. 

Then, the supernatants were transferred to new tubes and centrifuged once again at 

16249 g for 15 min at 4°C. The second supernatants were used to analyze total 

protein concentration, MDA, and GSH. Total protein concentration was determined at 

595 nm using a microplate reader (Epoch 2, BIO-TEK Instruments) according to the 

Bradford (1976) method.  

 

GSH levels were assessed with a spectrophotometric method that involves oxidation 

of GSH by the sulfhydryl reagent 5,5′-dithio-bis (2-nitrobenzoic acid) to the yellow 

derivative 5′-thio-2-nitrobenzoic acid (TNB). A GSH stock solution was prepared from 

100 mM GSH and diluted to a standard series with the following concentrations: 0 

µM, 0.5 µM, 1 µM, 2.5 µM, 5 µM, 10 µM, 25 µM, 50 µM, 75 µM, 100 µM, 200 µM, and 

400 µM. Per 1 mg protein sample, sulfosalicylic acid (end concentration 4%) was 

added in 150 µl volume, and incubated overnight at 4°C. Afterwards, samples were 

centrifuged at 16249 g for 30 min at 4°C, and neutralized using 1 M NaOH until 
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reaching pH 7. Each probe was diluted using a factor of 1:2 and 1:4. Standards, 

samples, and dilutions were transferred to a microplate. Then, 40 µl 1.5 mM 2-

nitrobenzoic acid was added to each well to start the assay. Absorbance was 

measured at 412 nm with 30 kinetic cycles. MDA concentrations were measured with 

a commercially available Microplate Assay Kit (CAK1011, Cohesion Bioscience) by 

reading the maximum absorbance at 532 nm and 37°C (Meng et al., 2009). For DNA 

damage, an oxidized derivate of guanine (8-hydroxy-2-deoxyguanosine, 8-OHdG) 

was measured (Mateos & Bravo, 2007; Kregel & Zhang, 2007) using a commercially 

available kit (Cat. no. EU2548; Wuhan Fine Biotech Co., Ltd.; 450 nm). 
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Supplementary Table S4 

Table S4a Results of nested ANOVAs for the effects of country (fixed factor), 

population (random, nested within country), family (random, nested within country 

and population), sex and temperature (both fixed) on developmental and 

morphological traits as well as heat knock-down time in Pieris napi from a latitudinal 

gradient. Models were constructed by stepwise backwards elimination of non-

significant interactions. Significant p-values are given in bold.  

 

Larval time MS d.f. F P 

Country 925.8 2, 6 15.3 0.0043 

Population [Country] 62.3 6, 102 3.0 0.0096 

Family [Country*Population] 22.0 101, 1713 10.3 < 0.0001 

Sex 34.4 1, 1713 16.1 < 0.0001 

Temperature  10603.7 1, 1713 4951.6 < 0.0001 

Country*Temperature 23.6 2, 1713 11.0 < 0.0001 

Error 2.1 

Pupal time MS d.f F P 

Country 0.6 2, 6 17.8 0.0027 

Population [Country] < 0.1 6, 108 1.1 0.3467 

Family [Country*Population] < 0.1 101, 1710 2.0 < 0.0001 

Sex 0.1 1, 1710 7.3 0.0069 

Temperature  126.2 1, 1710 7979.5 < 0.0001 

Country*Temperature 0.1 2, 1710 5.1 0.0065 

Error < 0.1 

Pupal mass MS d.f F P 

Country 122015 2, 6 16.4 0.0037 

Population [Country] 7675 6, 102 4.7 0.0003 

Family [Country*Population] 1715 101, 1707 10.2 < 0.0001 

Sex 52727 1, 1707 312.8 < 0.0001 

Temperature  45615 1, 1707 270.6 < 0.0001 

Country*Temperature 2394 2, 1707 14.2 < 0.0001 

Error 167 
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Table S4a continued 

 

Larval growth rate MS d.f F P 

Country 1.0 2, 6 28.3 0.0009 

Population [Country] < 0.1 6, 102 11.6 < 0.0001 

Family [Country*Population] < 0.1 101, 1707 2.9 0.0119 

Sex 0.1 1, 1707 70.6 < 0.0001 

Temperature  7.0 1, 1707 6262.3 < 0.0001 

Country*Temperature < 0.1 2, 1707 26.2 < 0.0001 

Error < 0.1 

Adult mass MS d.f F P 

Country 10130.2 2, 6 15.1 0.0046 

Population [Country] 682.2 6, 107 3.6 0.0027 

Family [Country*Population] 204.0 101, 1081 3.8 < 0.0001 

Sex 2216.9 1, 1081 41.7 < 0.0001 

Temperature  15738.3 1, 1081 295.8 < 0.0001 

Country*Temperature 211.1 2, 1081 4.0 0.0192 

Error 53.2 

Thorax mass MS d.f F P 

Country 664.0 2, 6 10.3 0.0114 

Population [Country] 65.2 6, 105 3.2 0.0065 

Family [Country*Population] 22.2 101, 1083 4.9 < 0.0001 

Sex 760.7 1, 1083 166.3 < 0.0001 

Temperature 1536.5 1, 1083 335.9 < 0.0001 

Error 4.6 

Abdomen mass MS d.f F P 

Country 2311.3 2, 6 11.4 0.0090 

Population [Country] 205.5 6, 111 2.9 0.0106 

Family [Country*Population] 74.2 101, 1078 2.4 < 0.0001 

Sex 7871.5 1, 1078 255.2 < 0.0001 

Temperature 4556.5 1, 1078 147.7 < 0.0001 

Country*Temperature 335.7 2, 1078 10.9 < 0.0001 

 



95 

Table S4a continued 

 

Sex*Temperature 118.9 1, 1078 3.9 0.0499 

Error 30.8 

Thorax-abdomen ratio MS d.f F P 

Country 0.4 2, 6 5.5 0.0440 

Population [Country] 0.1 6, 119 2.8 0.0150 

Family [Country*Population] < 0.1 101, 1079 1.3 0.0284 

Sex 14.5 1, 1079 679.5 < 0.0001 

Temperature  0.3 1, 1079 15.5 < 0.0001 

Country*Temperature 0.3 2, 1079 16.2 < 0.0001 

Error < 0.1 

Forewing area MS d.f F P 

Country 141086 2, 6 21.8 0.0017 

Population [Country] 6677 6, 106 7.0 < 0.0001 

Family [Country*Population] 1041 100, 667 3.9 < 0.0001 

Sex 16027 1, 667 59.9 < 0.0001 

Temperature  20132 1, 667 75.3 < 0.0001 

Country*Temperature 1479 2, 667 5.5 0.0042 

Error 268 

Forewing melanisation MS d.f. F P 

Country 2739.0 2, 6 47.7 0.0002 

Population [Country] 58.2 6, 107 1.4 0.2045 

Family [Country*Population] 43.6 100, 666 3.3 < 0.0001 

Sex 36526.3 1, 666 2792.0 < 0.0001 

Temperature 192.3 1, 666 14.7 0.0001 

Country*Sex 364.3 2, 666 26.5 < 0.0001 

Sex*Temperature 92.3 1, 666 7.1 0.0081 

Error 13.1 

Hindwing area MS d.f. F P 

Country 172743 2, 6 19.1 0.0025 

Population [Country] 9347 6, 107 8.9 < 0.0001 

Family [Country*Population] 1149 100, 661 3.9 < 0.0001 
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Table S4a continued 

 

Sex 28753 1, 661 97.5 < 0.0001 

Temperature  28383 1, 661 96.3 < 0.0001 

Country*Temperature 1181 2, 661 4.0 0.0186 

Error 295 

Hindwing melanisation MS d.f. F P 

Country 16587.4 2, 6 112.1 < 0.0001 

Population [Country] 150.2 6, 107 1.7 0.1277 

Family [Country*Population] 96.3 100, 661 3.7 < 0.0001 

Sex 2325.0 1, 661 89.7 < 0.0001 

Temperature 7838.5 1, 661 302.3 < 0.0001 

Country*Sex 136.2 2, 661 5.3 0.0055 

Error 25.9 

Forewing-hindwing ratio MS d.f. F P 

Country 0.016 2, 6 0.3 0.7343 

Population [Country] 0.052 6, 112 17.2 < 0.0001 

Family [Country*Population] 0.003 100, 659 2.3 < 0.0001 

Sex 0.022 1, 659 15.7 < 0.0001 

Temperature  0.006 1, 659 4.1 0.0442 

Country*Temperature 0.007 2, 659 4.8 0.0083 

Error 0.001 

Wing loading MS d.f. F P 

Country 226.7 2, 6 6.3 0.0332 

Population [Country] 37.1 6, 111 2.5 0.0262 

Family [Country*Population] 15.8 100, 664 2.3 < 0.0001 

Sex 944.2 1, 664 135.6 < 0.0001 

Temperature  795.6 1, 664 114.3 < 0.0001 

Country*Temperature 43.6 2, 664 6.3 0.0020 

Error 7.0 

Wing aspect ratio MS d.f. F P 

Country 3.3 2, 6 11.4 0.0087 

Population [Country] 0.3 6, 118 1.0 0.4411 
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Table S4a continued 

 

Family [Country*Population] 0.3 100, 669 1.4 0.0069 

Sex 32.2 1, 669 147.4 < 0.0001 

Temperature 1.4 1, 669 6.2 0.0128 

Error 0.2 

Heat knock-down time MS d.f. F P 

Country 3832153 2, 6 4.8 0.0555 

Population [Country] 822759 6, 108 1.6 0.1500 

Family [Country*Population] 537490 101, 1607 2.6 < 0.0001 

Sex 9760315 1, 1607 47.0 < 0.0001 

Temperature  18557037 1, 1607 89.4 < 0.0001 

Country*Temperature 5003283 2, 1607 24.1 < 0.0001 

Sex*Temperature  1618000 1, 1607 7.8 0.0053 

Error 207613 
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Table S4b Results of nested ANOVAs for the effects of country (fixed factor), 

population (random, nested within country), and temperature (fixed) on physiological 

traits in Pieris napi from a latitudinal gradient. For malondialdehyde, DNA damage, 

and Glutathione the fixed factor sex was additionally included, while for the other 

parameters only males were used. Models were constructed by stepwise backwards 

elimination of non-significant interactions. Significant p-values are given in bold.  

 

Potential metabolic activity 

(PMA) 
MS d.f. F P 

Country 0.028 2, 6 0.8 0.4983 

Population [Country] 0.036 6, 133 1.6 0.1406 

Temperature  0.360 1, 133 16.6 0.0001 

Error 0.022 
  

Total antioxidant capacity 

(OXY) 
MS d.f. F P 

Country 0.048 2, 6 4.2 0.0723 

Population [Country] 0.012 6, 133 1.2 0.3088 

Temperature  0.023 1, 133 2.4 0.1259 

Error 0.010 
 

Reactive oxygen 

metabolites (ROM)  
MS d.f. F P 

Country 0.542 2, 6 1.5 0.2983 

Population [Country] 0.370 6, 103 2.1 0.0593 

Temperature  0.007 1, 103 0.0 0.8409 

Error 0.176 

Malondialdehyde (MDA)  MS d.f. F P 

Country < 0.001 2, 7 0.4 0.6725 

Population [Country] < 0.001 6, 176 1.4 0.1996 

Sex < 0.001 1, 176 3.8 0.0534 

Temperature  < 0.001 1, 176 2.2 0.1416 

Error    

DNA damage (8-OHdG) MS d.f. F P 

Country < 0.001 2, 7 0.2 0.8498 
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Table S4b continued 

 

Population [Country] 0.001 6, 29 0.8 0.5652 

Sex 0.001 1, 29 1.2 0.2807 

Temperature  < 0.001 1, 29 0.2 0.6258 

Error 0.001    

Glutathione (GSH) MS d.f. F P 

Country 266.7 2, 7 12.6 0.0056 

Population [Country] 21.3 6, 177 1.2 0.3147 

Sex 4.4 1, 177 0.2 0.6211 

Temperature 65.3 1, 177 3.6 0.0581 

Sex*Temperature 112.1 1, 177 6.2 0.0134 

Error 18.0    
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Supplementary Table S5 

Table S5a Results of principal component analyses for all developmental and 

morphological traits including eigenvalues, percentages of the variance explained, 

cumulative percentages of the variance explained, and r-values of correlations with 

continuous variables for principal components (PCs) 1-6. r-values > 0.6 in bold.  

 

PC1 PC2 PC3 PC4 PC5 PC6 

Eigenvalue 5.02 3.38 2.85 1.09 0.88 0.82 

Variance explained (%)  31.4 21.1 17.8 6.8 5.5 5.1 

Cumulative variance (%) 31.4 52.5 70.4 77.2 82.7 87.8 

Larval time 0.1555 0.7132 -0.5451 -0.0943 0.1645 -0.2351 

Pupal time -0.2910 0.5699 -0.5458 -0.0571 0.2138 -0.1532 

Growth rate -0.2033 -0.7494 0.5204 0.0992 -0.1450 0.1904 

Pupal mass -0.8902 -0.2085 -0.2863 -0.0078 -0.0598 0.0288 

Adult mass -0.9233 0.3230 0.0846 -0.0022 -0.1415 0.0472 

Thorax mass -0.7729 -0.0263 -0.4411 -0.0238 -0.2269 0.0848 

Abdomen mass -0.7343 0.5093 0.3765 0.0051 -0.0989 0.0625 

Thorax abdomen ratio 0.3415 -0.5387 -0.6664 -0.0114 -0.0850 0.0247 

Heat knock-down -0.0833 -0.1297 0.4767 0.1498 -0.2542 -0.7941 

Forewing area -0.8646 -0.3133 -0.1945 -0.2508 0.0578 -0.0975 

Forewing melanisation 0.1840 0.5692 0.5042 -0.0662 0.0869 0.0756 

Hindwing area -0.8802 -0.3131 -0.2091 0.0542 0.1912 -0.0835 

Hindwing melanisation 0.4203 0.4580 -0.4171 0.1284 -0.3479 0.1006 

Forewing-hindwing ratio 0.1949 0.0494 0.0710 -0.8772 -0.4133 -0.0188 

Wing loading -0.4025 0.7287 0.3113 0.2445 -0.2542 0.1657 

Wing aspect ratio 0.1904 -0.0942 -0.5267 0.3644 -0.4729 -0.0369 
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Table S5b Results of nested ANOVAs for the effects of country (fixed factor), 

population (random, nested within country), family (random, nested within country 

and population), sex and temperature (both fixed) on principal components (PCs) in 

Pieris napi from a latitudinal gradient. Models were constructed by stepwise 

backwards elimination of non-significant interactions. Significant p-values are given in 

bold.  

 

PC 1 MS d.f. F P 

Country 594.5 2, 6 13.5 0.0060 

Population [Country] 45.0 6, 107 7.0 < 0.0001 

Family [Country*Population] 7.1 100, 636 4.2 < 0.0001 

Sex 0.0 1, 636 0.0 0.9314 

Temperature 257.4 1, 636 150.7 < 0.0001 

Error 1.7 

PC 2 MS d.f. F P 

Country 154.2 2, 6 43.3 0.0003 

Population [Country] 3.7 6, 113 2.3 0.0414 

Family [Country*Population] 1.7 100, 634 2.3 < 0.0001 

Sex 441.2 1, 634 592.1 < 0.0001 

Temperature 931.0 1, 634 1249.4 < 0.0001 

Country * Temperature 3.5 2, 634 4.7 0.0092 

Error 0.7 
 

PC 3 MS d.f. F P 

Country 10.8 2, 6 3.7 0.0869 

Population [Country] 3.0 6, 117 2.8 0.0149 

Family [Country*Population] 1.1 100, 634 1.8 < 0.0001 

Sex 673.5 1, 634 1041.6 < 0.0001 

Temperature 544.5 1, 634 842.0 < 0.0001 

Country * Temperature 11.8 2, 634 18.2 < 0.0001 

Error 0.6   

PC 4 MS d.f. F P 

Country 2.7 2, 6 0.1 0.8863 
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Table S5b continued 

 

Population [Country] 22.6 6, 115 16.6 < 0.0001 

Family [Country*Population] 1.4 100, 634 1.9 < 0.0001 

Sex 20.3 1, 634 26.6 < 0.0001 

Temperature 1.7 1, 634 2.2 0.1345 

Country * Temperature 4.7 2, 634 6.2 0.0022 

Error 0.8 
 

PC 5 MS d.f. F P 

Country 27.4 2, 6 8.4 0.0182 

Population [Country] 3.3 6, 109 2.1 0.0543 

Family [Country*Population] 1.7 100, 634 3.1 < 0.0001 

Sex 29.7 1, 634 55.0 < 0.0001 

Temperature 13.2 1, 634 24.5 < 0.0001 

Country * Sex 1.8 2, 634 3.3 0.0380 

Error 0.5 
 

PC 6 MS d.f. F P 

Country 9.6 2, 6 5.9 0.0375 

Population [Country] 1.7 6, 114 1.4 0.2364 

Family [Country*Population] 1.3 100, 633 2.1 < 0.0001 

Sex 0.9 1, 633 1.5 0.2226 

Temperature 22.5 1, 633 35.3 < 0.0001 

Country * Temperature 7.1 2, 633 11.2 < 0.0001 

Sex * Temperature 6.1 1, 633 9.5 0.0021 

Error 0.6 
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Abstract 

Extreme weather events such as heat waves are predicted to increase in the course 

of anthropogenic climate change. Widespread species are exposed to a variety of 

environmental conditions throughout their distribution range, often resulting in local 

adaptation. Consequently, populations from different regions may vary in their 

capacity to deal with challenging conditions such as thermal stress. In this study, we 

investigated clinal variation in body size, fecundity, and oxidative markers along a 

pan-European latitudinal gradient in the green-veined white butterfly Pieris napi, and 

additionally gene expression in German individuals. We exposed butterflies from 

replicated Italian, German, and Swedish populations to cold, control or hot 

temperatures for 24 hours. Under hot conditions, molecular chaperones were 

upregulated, while oxidative damage remained unaffected and levels of the 

antioxidant glutathione (GSH) were reduced under cold and hot conditions. Thus, the 

short-term exposure to heat stress did not substantially affect oxidative balance. 

Moreover, we found decreased body size and fecundity in cooler compared with 

warmer regions. Interestingly, oxidative damage was lowest in Swedish animals 

exhibiting (1) high levels of GSH, (2) low early fecundity, and (3) low larval growth 

rates. These results suggest that Swedish butterflies have a slower life style and 

invest more strongly into maintenance, while those from warmer regions show the 

opposite pattern, which may reflect a ‘pace-of-life’ syndrome.  

 

Keywords: heat stress – local adaptation – molecular chaperones – oxidative stress 

– Pieris napi  
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Introduction 

The significance of climate change, potentially affecting all organisms, is becoming 

more and more evident (Parmesan & Yohe, 2003; Deutsch et al., 2008). Global 

surface temperatures rise while precipitation patterns become more variable, which 

has already changed the distribution of many species (Diffenbaugh et al., 2005; 

Hansen et al., 2012). In particular, extreme weather events such as heat waves are 

predicted to increase, which may strongly affect biodiversity (Easterling et al., 2000; 

Meehl & Tebaldi, 2004). To counteract the negative effects of changing 

environmental conditions, organisms may respond, in addition to shifting their range, 

through phenotypic plasticity and / or genetic adaption, thereby enhancing their 

performance under the novel environmental conditions they encounter (Pigliucci, 

2001).  

 

In widespread species, spatial variation in fitness-related traits often reflects 

differences in selective pressures, resulting in local adaptation (Ellers & Boggs, 2002; 

Kawecki & Ebert, 2004; Stillwell & Fox, 2009). Clinal variation may indicate such local 

adaptation, as geographical clines are strongly related to environmental gradients, 

which may pose differential challenges to survival and reproduction. A well-known 

example of clinal variation is an increase in body size with increasing latitude 

(Bergmann size clines), the adaptive value of which though is not entirely clear with 

regard to ectotherms (Arnett & Gotelli, 1999; Robinson & Partridge, 2001; Chown & 

Klok, 2003). Indeed, short season length and low ambient temperature at higher 

latitudes may select for fast growth, which may result in converse Bergmann clines 

(Van Doorslaer & Stoks, 2005). In the face of anthropogenic climate change, 

investigating widespread species showing local adaptation is important, as such 

species may respond differently across their distribution range to ongoing 

environmental change depending on their genetically-based plastic capacities (Addo-

Bediako et al., 2000; Hoffmann & Rieseberg, 2008; Kapun et al., 2016).  

 

Plastic responses to environmental change entail a large number of relatively fast 

physiological mechanisms. In response to thermally-challenging conditions, two 

mechanisms seem to be of particular importance, antioxidant defence mechanisms 

and the heat shock response (Sørensen et al., 2003; Zhang et al., 2015; Franke et 
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al., 2019). High temperatures generally increase the production of reactive oxygen 

species (ROS), a by-product of the aerobic metabolism, which act on organic 

substrates and may induce oxidative damage. This can, for instance, be measured 

with markers of lipid peroxidation such as malondialdehyde (MDA; Beaulieu et al. 

2015; Zhang et al. 2015)). To prevent oxidative damage induced by high 

temperatures, organisms may upregulate various antioxidant compounds, including 

the non-enzymatic antioxidant glutathione (GSH; Lalouette et al. 2011; Ju et al. 

2014). In parallell, organisms may upregulate heat shock proteins (HSP), which act 

as molecular chaperones that help organisms to cope with a wide range of stressors 

(Sørensen et al., 2003). Such defence mechanisms are expected to be costly, and 

may compromise other fitness components such as reproduction (Alonso-Alvarez et 

al., 2004; Beaulieu et al., 2015). Mechanisms against heat exposure likely vary 

across the distribution range of widespread species because of local adaptation, 

which may disadvantage some populations relative to others in the face of climate 

warming. 

 

We here investigate variation in body size, fecundity, and physiological defence 

mechanisms in relation to short-term thermal stress along a latitudinal gradient in the 

green-veined white butterfly Pieris napi. This species has a wide distribution range 

and is known to show local adaptation (Günter et al., 2019, 2020). Specifically, we 

focus on geographic variation in physiological responses to short-term temperature 

stress. Towards this end, we exposed butterflies from replicated Italian, German, and 

Swedish populations for 24 hours to cold, control or hot conditions. Physiological 

responses were scored by measuring MDA and GSH levels as well as gene 

expression. Because of potential trade-offs between physiological defence 

mechanisms and other fitness components, we also examined body size and 

fecundity in parallel to defence mechanisms. Based on a known converse Bergmann 

cline (Blanckenhorn et al., 2006; Nygren et al., 2008) in body size in P. napi (Günter 

et al., 2019, 2020), we predicted smaller individuals at higher latitude, which may be 

associated with slower growth and decreasing fecundity (Honěk, 1993; 

Blanckenhorn, 2000). A reduced fecundity may potentially allow for increased 

investment into defence mechanisms in individuals from high latitude in response to 

thermal stress. Accordingly, we predicted an upregulation of antioxidant defence 

mechanisms to prevent oxidative damage.  
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Material and Methods 

Study organism and experimental populations 

The green-veined white butterfly Pieris napi L. is a widespread temperate-zone 

butterfly, occurring throughout Europe and the temperate zone of Asia (Ebert & 

Rennwald, 1993). It is one of the most common butterflies in Europe. Nevertheless, it 

is predicted to suffer from anthropogenic climate change because of its association 

with moist habitats (Fox et al., 2015). Larvae feed on a variety of Brassicaceae, with 

Alliaria petiolata Cavara & Grande being the most important one. Brassicaceae are 

also the preferred nectar plants. The species overwinters in the pupal stage (Wiklund 

et al., 1991) and has typically one to four generations per year (Müller & Kautz, 1938; 

Tolman & Lewington, 2008). P. napi is polyandrous with males transferring large 

nuptial gifts to their female partners (Stjernholm & Karlsson, 2000; Bergström & 

Wiklund, 2002). Accordingly, males are larger than females (Wiklund & Kaitala, 

1995).  

 

For this study, we collected freshly-eclosed spring generation females along a 

latitudinal gradient from northern Italy to Sweden. We sampled three replicate 

populations each in northern Italy (I: Torino 45.11°N / 7.48°E, Pavia 45.21°N / 

9.27°E, Mantova 45.21°N / 10.75°E), northern Germany (G: Wahrenholz 52.64°N / 

10.61°E, Rathenow 52.65°N / 12.44°E, Strausberg 52.60°N / 13.86°E), and South 

Sweden (S: Örebro 59.29°N / 15.01°E, Eskilstuna 59.36°N / 16.54°E, Stockholm 

58.95°N / 17.58°E; Fig. 1). Mean annual temperatures follow a latitudinal gradient 

(Italy: 13°C, Germany, 9°C, Sweden: 6°C), while mean annual precipitation is higher 

in Italy (865 mm) than in Germany (570 mm) and Sweden (578 mm; Günter et al. 

2019). Likewise, the mean temperature during the flight period (May - September) 

follows a latitudinal gradient (Italy: 20.6°C, Germany: 15.8°C, Sweden: 14.2°C). The 

minimal straight distance between two populations was 73 km, the total latitudinal 

gradient spanned ca. 1660 km. We collected a total of 74 females from Italy, 94 from 

Germany, and 76 from Sweden between 19-April and 14-June-2016. All females 

were subsequently transferred to the University of Greifswald for egg-laying.  
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Experimental design 

Field-caught females were kept individually in translucent one-litre plastic pots 

covered with gauze, which were placed into a climate chamber set at a photoperiod 

of L18:D6, a constant temperature of 25°C, and 65 % relative humidity. Females 

were fed ad libitum with water, a 10% sugar solution, and additionally flowers (e.g. 

Sambucus nigra, Taraxacum spec., Senecio spec.). For oviposition, they were 

provided daily with a fresh cutting of A. petiolata. The resulting eggs were collected 

daily and transferred, separated by females, to elongated, sleeve-like gauze cages. 

Resulting larvae were fed with fresh cuttings of A. petiolata and young rape plants 

(Brassica napus). All plants were replaced as necessary and the density per cage 

was limited to a maximum of 40 larvae. Rearing took place in climate chambers 

under the same conditions as for egg laying. One day after pupation, resulting pupae 

were transferred to 500 mL plastic boxes containing moist tissue. On the day of adult 

eclosion, butterflies were mated within populations, though not allowing siblings to 

mate. After mating, females were transferred to translucent one-litre plastic pots 

covered with gauze and containing nectar plants, a leaf of A. petiolata for egg-laying, 

10% sugar solution, and water ad libitum. They were maintained under such 

conditions for three days to lay eggs. Eggs were collected and counted daily. 

Afterwards, females were evenly divided among three thermal treatments 

characterized by cold, control, and hot conditions (Fig. 2). The daily temperature 

cycles used were meant to reflect a cool, average or hot summer day. Per treatment, 

a single climate cabinet was used with identical settings except for thermal profiles 

(Sanyo MIR-553; Bad Nenndorf, Germany). Males, in contrast, were allocated to 

treatments immediately after mating. Butterflies were kept for 24 hours at the 

respective thermal treatment. Afterwards, they were frozen at -80°C for later 

analyses. Offspring sample sizes were 47 and 13 for Swedish, 60, 77 and 57 for 

German, and 59, 41 and 39 for Italian populations.  

 

The head, wings and legs were removed from frozen butterflies, and the thorax and 

abdomen were separated before being weighed (KERN ABJ-120-4M). For each 

individual (except those used for transcriptome analyses, see below), we measured 

thorax mass, abdomen mass, and two physiological parameters related to oxidative 

stress: a marker of antioxidant defence, glutathione (GSH, a non-enzymatic 
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antioxidant), and a marker of oxidative damage, malondialdehyde (MDA, a marker of 

lipid peroxidation). Glutathione is a central endogenous antioxidant protecting cells 

against the action of ROS by scavenging them directly or through enzymatic 

reactions (Aquilano et al., 2014), while MDA is a marker of oxidative damage on 

lipids, the class of biomolecules most affected by the action of ROS (Del Rio et al., 

2005). For measuring GSH and MDA, we used both thoraces and abdomen. GSH 

levels were assessed with a spectrophotometric method that involves the oxidation of 

GSH. Absorbance was measured at 412 nm with 30 kinetic cycles. MDA 

concentrations were measured with a commercially available Microplate Assay Kit 

(CAK1011, Cohesion Bioscience) by reading the maximum absorbance at 532 nm 

and 37°C (Meng et al., 2009). GSH and MDA values were corrected by protein 

content, as measured with the Bradford method. For details on measuring 

physiological parameters see Günter et al. 2020.  

 

Transcriptome analyses 

We used transcriptome analyses to proof that the treatments used actually imposed 

thermal stress and to investigate which physiological pathways are activated by 

butterflies exposed to hot conditions. For logistic reasons, analyses were restricted to 

German individuals previously exposed to control or hot conditions. We randomly 

selected two pairs of full-sib sisters per population (n = 12 individuals), with one 

sibling being exposed to control and the other to hot conditions. Whole thoraces and 

abdomens were used for RNA extraction. RNA isolation was carried out using 

TRIZOL (Invitrogen) according to the manufacturer’s instructions, using one mL of 

TRIZOL per individual. Animal tissue was disrupted using a tissue lyser (Qiagen 

20.747.0001; bead beating with 5 mm steel beads) for one minute at 30 Hz. For RNA 

purification, the RNeasy Mini kit (Qiagen 74106) was used. Construction of the RNA 

library and transcriptomic sequencing were performed by LGC Genomics GmbH 

(Berlin, Germany). For details, see Supplementary Material S1. 

 

Statistical analyses 

Data on egg number, morphology, and physiology were analysed using general 

linear mixed models (GLMMs) with country (Italy, Germany, Sweden), sex, treatment 



 

120 
 

(cool, benign, hot) and all resulting interactions as fixed factors, and replicate 

population as random effect nested within country. Egg numbers were analysed only 

for females irrespective of thermal treatment (as eggs were collected before 

allocation to treatments). MDA, GSH, and egg number were square root-transformed 

prior to analyses to meet GLMM requirements. Models were constructed by stepwise 

backwards removal of non-significant interactions. For egg number, we additionally 

performed covariance analyses by adding thorax and abdomen mass or MDA and 

GSH as covariates. Throughout the text, means are given ± 1 SE. All statistical tests 

were performed with Statistica 12.0 (Tulsa, StatSoft, OK). 

 

Results 

Egg number, morphology, and physiology 

The number of eggs collected over a three-day period following mating was 

significantly higher in Italian (57.1 ± 5.3 eggs) than Swedish females (15.8 ± 5.2), 

with German ones showing intermediate values (43.7 ± 3.8; Tukey HSD after GLMM: 

I ≥ G ≥ S; F2,9 = 4.9, P = 0.037; population F5,151 = 0.9, P = 0.458). Thorax mass, 

abdomen mass, MDA or GSH were not related to egg number significantly when 

added as covariates (all P-values > 0.10). Origin significantly affected thorax mass, 

abdomen mass, MDA, and GSH, while significant population differences were found 

for abdomen mass and GSH only (Table 1). Thorax and abdomen mass as well as 

MDA decreased from South (Italy) to North (Sweden), while the opposite pattern was 

observed for GSH (Fig. 3). For abdomen, mass the latitudinal gradient was restricted 

to females (significant country by sex interaction; Fig. 3b). Thermal treatment had a 

significant effect on GSH only, with values being higher under control than cold or hot 

conditions (control: 0.667 ± 0.052 µM / mg protein > cold: 0.542 ± 0.025 = hot: 0.564 

± 0.027; Tukey HSD after GLMM). This pattern was, however, only significant in 

German butterflies, although there was a similar trend in Swedish butterflies 

(significant country by treatment interaction; Fig. 3c).  

 

Gene expression 

In German female butterflies, we found 25 annotated transcripts that were 

significantly up-regulated under hot compared with control temperatures 
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(Supplementary Material S2). Log2FC values for these transcripts ranged between 

3.1 and 8.2. As several transcripts belonged to the same gene, we identified 15 

according genes (Table 2). These genes were mainly associated with cellular 

processes and signalling (11), two genes were related to cellular processes and 

signalling, while the function of the two remaining genes was unknown. Nine out of 

the 15 genes were molecular chaperones, and two each were involved in translation, 

ribosomal structure and biogenesis or signal transduction mechanisms (2x unknown 

function). The genes most strongly up-regulated were heat shock protein 68, 

lethal(2)essential for life, and Valyl-tRNA synthetase (Fig. 4).  

 

Discussion 

We found clinal variation in body mass, which decreased with increasing latitude. 

Thus, individuals from warmer (Italy) rather than cooler regions (Sweden) were 

larger, challenging both the Bergmann’s and the temperature-size rule (Chown & 

Gaston, 1999; Angilletta & Dunham, 2003). However, the same pattern was already 

found in P. napi in field-caught (Günter et al., 2019) and laboratory-reared individuals 

(Günter et al., 2020) from the same gradient. We thus assume that warmer natural 

conditions are more beneficial for the development of P. napi allowing for larger body 

size (David & Gardiner, 1962; Angilletta & Dunham, 2003), causing this genetically-

based cline. Several examples for converse Bergmann size clines have already been 

reported (Blanckenhorn & Demont, 2004; Blanckenhorn et al., 2006), for instance 

based on short season length and low ambient temperatures at higher latitudes 

constraining growth opportunities (Van Doorslaer & Stoks, 2005).  

 

Females had much heavier abdomen than males, which is likely related to egg 

production. As the males and females used here were mated, the sexual difference 

in abdomen mass may also arise from the large spermatophores that males transfer 

to females in P. napi (up to 15% of the males’ initial body mass; Svärd and Wiklund 

1989; Wiklund and Kaitala 1995). In general, high abdomen mass in female insects is 

related to reproductive investment and hence high fecundity (Tammaru et al., 1996; 

Berwaerts et al., 2002). Accordingly, we found that early fecundity showed the same 

pattern than abdomen mass, with more eggs being laid by heavier Italian than by 
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lighter Swedish females. This suggests that higher female abdomen mass enables 

high early fecundity in southern populations. Perhaps, fast reproduction is 

advantageous in warmer climates, as large egg numbers can be laid during a single 

warm day allowing for long activity.  

 

Interestingly, MDA, which is a degradation product of polyunsaturated fatty acids and 

thus a marker for lipid peroxidation through ROS (Liu et al., 1997; Janssens et al., 

2017), was lower in Swedish than in Italian or German individuals. The reduced 

oxidative damage may be related to relatively high levels of antioxidants (here: GSH) 

in Swedish individuals. The antioxidant GSH is known to efficiently remove ROS 

(Hayes & McLellan, 1999; Kregel & Zhang, 2007). This suggests that butterflies from 

higher latitudes invest more strongly into self-maintenance mechanisms than 

butterflies from lower latitudes. This higher investment may in turn be at least partly 

enabled by the lower reproductive investment and the overall slower lifestyle (Günter 

et al., 2020) of Swedish animals. Indeed, variation in antioxidative defenses has been 

found in relation to reproduction, larval developmental time, growth rate, wing 

melanisation rate, and heat resistance (Günter et al., 2019, 2020). However, we did 

not find a direct link between fecundity and oxidative markers. Thus, despite 

indications for a micro-evolutionary trade-off, a similar physiological trade-off could 

not be confirmed. We therefore have to reject our hypothesis that females showing a 

high reproductive investment inevitably suffer more from oxidative stress. This 

negative finding may result from (1) measuring only two markers related to oxidative 

stress, (2) too short exposure to different temperature profiles, (3) using 

temperatures that were not extreme enough (despite a strong up-regulation of 

molecular chaperones, see below), or (4) not enough time for physiological 

responses to occur. Regarding the latter, very little is known on the temporal 

dynamics of the upregulation of antioxidant defenses and the occurrence of oxidative 

damage (Schlorff et al., 1999). Anyway, short-time exposure to mildly stressful 

conditions does not seem to necessarily result in a trade-off between maintenance 

and reproduction. In line with this conclusion, temperature treatment did not affect 

MDA. GSH, in contrast, was significantly affected by temperature. Interestingly, 

highest levels were found under control conditions, which may indicate that hot as 

well as cold conditions may interfere with GSH. The decrease in GSH under hot 

conditions is likely due to a higher production of ROS under such conditions and by 
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the resulting higher oxidation of GSH into GSSG (Hayes & McLellan, 1999; Kregel & 

Zhang, 2007). 

 

The transcriptome analyses also showed no pronounced variation among 

temperature treatments in markers related to oxidative stress. However, several 

molecular chaperones, including heat shock proteins and alpha crystallins, were 

upregulated under hot conditions, which is a well-known response to heat stress 

across various taxa (Sørensen et al., 2001; Karl et al., 2009). These proteins 

participate in folding and unfolding of proteins and help maintaining their secondary 

structure under extreme environmental conditions (Parsell & Lindquist, 1993). Our 

results on gene expression confirm that the treatments used were appropriate for 

elucidating short-term physiological responses.  

 

Conclusions 

Our study revealed clinal variation in body mass and fecundity (both being higher in 

warmer regions), and oxidative defence mechanisms. Regarding the latter, oxidative 

damage was lowest in Swedish animals, having at the same time the highest levels 

of the antioxidant GSH. This may reflect geographical variation in life styles and 

accordingly antioxidant defence mechanisms. Swedish individuals showed the lowest 

early fecundity in the current study, and are also known to have the lowest growth 

rates (Günter et al., 2020). Thus, Swedish individuals seem to have a slower life style 

and invest more strongly into maintenance, while Italian individuals show the 

opposite pattern, which may reflect a ‘pace-of-life’ syndrome (Montiglio et al., 2018). 

Note though that we could not show a direct link between fecundity and physiological 

parameters. Exposing individuals for 24 hours to different temperature treatments 

caused an increased expression of molecular chaperones, but did not affect oxidative 

damage while levels of the antioxidant GSH were reduced under cold and hot 

conditions. We conclude that short-term exposure to heat stress does not 

substantially affect oxidative balance. The effects which longer exposure times 

though may have on oxidative stress and its relations to reproduction and 

maintenance deserves further attention.  
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Figure legends 

 

Fig. 1: Sampling locations of Pieris napi individuals used in the present study. 

Populations were collected in Italy (light grey circles), Germany (dark grey circles), 

and Sweden (black circles); modified after (Günter et al., 2019). 

 

Fig. 2: Temperature profiles of the three day cycle treatments. Butterflies were 

allocated to treatments at 6 p.m. and frozen 24 hours later.  

 

Fig. 3: Means ± SE for thorax mass (a), abdomen mass (b), GSH (c), and MDA (d) 

for Pieris napi in relation to country of origin and sex (a, b, d) or treatment (c). 

Different letters above bars show significant differences among groups (Tukey HSD 

after GLMM).  

 

Fig. 4: Overview of the genes being most strongly up-regulated under hot compared 

to control temperatures in Pieris napi from Germany. Only genes with log2FC values 

> 6 are shown.  
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Fig. 3a 
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Fig. 3c 
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Fig. 4 

0 1 2 3 4 5 6 7 8 9

Leucine-rich repeat neuronal protein 2

Protein lethal(2)essential for life

Heat shock protein 68

Heat shock protein 68

Heat shock protein Hsp-16.1/Hsp-16.11

Protein lethal(2)essential for life

Heat shock protein 68

Protein lethal(2)essential for life

Protein lethal(2)essential for life

Valine--tRNA ligase, mitochondrial 1

Heat shock protein 68

Protein lethal(2)essential for life

Heat shock protein 68

log FC value



 

143 
 

Tables 

Table 1 Results of general linear mixed models testing for the effects of country 

(fixed factor), population (random, nested within country), sex and temperature 

treatment (both fixed) on thorax mass, abdomen mass, glutathione (GSH) and 

malondialdehyde (MDA) in Pieris napi from a latitudinal gradient. Models were 

constructed by stepwise backwards elimination of non-significant interactions. 

Significant P-values are given in bold.  

 

Thorax mass MS DF F P 

Country 5.8 * 10-04 2, 15 21.1 < 0.0001 

Population [Country] 2.0 * 10-05 5, 381 0.3 0.8907 

Sex 1.9 * 10-04 1, 381 3.3 0.0706 

Treatment 2.1 * 10-06 2, 381 0.0 0.9651 

Error 5.9 * 10-05 381 

Abdomen mass MS DF F P 

Country 1.0 * 10-03 2, 6 5.5 0.0417 

Population [Country] 1.7 * 10-04 5, 341 2.4 0.0376 

Sex 9.7 * 10-03 1, 341 112.0 < 0.0001 

Treatment 1.3 * 10-04 2, 341 1.7 0.1817 

Country * Sex 7.8 * 10-04 2, 341 7.0 0.0011 

Error 7.1 * 10-05 341 

GSH MS DF F P 

Country 3.316 2, 6 46.0 0.0002 

Population [Country] 0.082 5, 343 2.3 0.0441 

Sex 0.039 1, 343 1.1 0.2941 

Treatment 0.172 2, 343 4.8 0.0084 

Country * Treatment 0.103 4, 343 2.9 0.0219 

Error 0.036 343 

MDA MS DF F P 

Country 0.022 2, 11 5.9 0.0179 

Population [Country] 0.003 5, 377 0.5 0.7639 

Sex 0.003 1, 377 0.5 0.4750 
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Table 1 continued 

 

Treatment  0.005 2, 377 0.7 0.4791 

Error 0.006 377 
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Table 2 Functional annotation of transcripts up-regulated in Pieris napi from 

Germany at the higher temperature, including protein and gene name, description, 

molecular main and sub role. Main roles: cellular - cellular processes and signalling; 

information - information storage and processing. Sub roles: chaperones - 

posttranslational modification, protein turnover, chaperones; translation - translation, 

ribosomal structure and biogenesis; transduction - signal transduction mechanisms.  

 

gi 

number 
Protein name Gene Description 

Main 

role 
Sub role 

177381

65 

Heat shock 

protein 68 
Hsp68 

Molecular chaperones 

HSP70 / HSC70, HSP70 

superfamily 

Cellular 
Chape-

rones 

117037

2 

Heat shock 

protein 70 A1 

Hsp70

A1 

Molecular chaperones 

HSP70 / HSC70, HSP70 

superfamily 

Cellular 
Chape-

rones 

665390

828 

Heat shock 70 

kDa protein 

cognate 3 

Hsc70

-3 

Molecular chaperones 

GRP78 / BiP/KAR2, 

HSP70 superfamily 

Cellular 
Chape-

rones 

309695

1 

Heat shock 

protein 90 
Hsp90 

Molecular chaperone,  

HSP90 family 
Cellular 

Chape-

rones 

546422

33 

Heat shock 

protein 83 
Hsp83 

Molecular chaperone, 

HSP90 family 
Cellular 

Chape-

rones 

442624

575 

Protein lethal 

(2) essential for 

life 

l(2)efl Alpha crystallins Cellular 
Chape-

rones 

175620

26 

Heat shock 

protein 

16.1/16.11 

Hsp-

16.1 
Alpha crystallins Cellular 

Chape-

rones 

819095

71 

Heat shock 

protein beta-6 
Hspb6 Alpha crystallins Cellular 

Chape-

rones 
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Table 2 continued 

 

gi 

number 
Protein name Gene Description 

Main 

role 
Sub role 

197102

236 

DnaJ homolog 

sub-family A 

member 1 

DNAJ

A1 

Molecular chaperone,  

DnaJ superfamily 
Cellular 

Chape-

rones 

215424

52 

Valine-tRNA 

ligase, 

mitochondrial 1 

TWN2 Valyl-tRNA synthetase 
Informat

ion 

Transla-

tion 

748702

64 

Putative tRNA 

pseudo-uridine 

synthase 

Pus10 

Predicted 

pseudouridylate 

synthase 

Informat

ion 

Transla-

tion 

217065

06 

Leucine-rich 

repeat neuronal 

protein 2 

LRRN

2 

Membrane glycol-

protein LIG-1 
Cellular 

Trans-

duction 

752732

76 

Probable 

protein 

phosphatase 

2C 38 

PP2C

38 

Protein phosphatase 

2C/pyruvate 

dehydrogenase 

phosphatase 

Cellular 
Trans-

duction 

130398 

Retrovirus-

related Pol 

polyprotein 

Pol Unknown - - 

132601

6 

Transposon 

Ty3-I Gag-Pol 

polyprotein 

TY3B-

I 
Unknown - - 
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Supplementary Material S1 

 

RNA isolation and purification  

Construction of the RNA library and transcriptomic sequencing were performed by 

LGC Genomics GmbH (Berlin, Germany). Whole thoraces and abdomens were used 

for RNA extraction (n = 12). We selected 6 butterfly families that means the offspring 

of 6 single-mated females. RNA isolation was carried out using TRIZOL (Invitrogen) 

including bead beating (5mm stainless steel; 1min 30 Hz in Tissue Lyser (QIAGEN)) 

followed by a clean-up of the supernatant using Qiagen RNeasy Mini Kit.  

 

Sequencing, transcriptome assembly, and expression analysis 

First, mRNA was isolated via oligo dT binding and using the NEBNext Poly(A) 

Magnetic Isolation Module (New England Biolabs) according to the manual. First 

strand cDNA was synthesized using a NEBNext RNA First Strand Synthesis Module 

(New England Biolabs) according to the manual. Subsequently, second strand cDNA 

synthesis was performed using NEBNext RNA Second Strand Synthesis Module 

(New England Biolabs) according to the manual. The library fragments were purified 

with MinElute Columns (Qiagen), eluted in 20μl EB buffer. Concentration 

measurement (Qubit) showed a cDNA yield of about 2ng/μl for all samples. The 

Encore Rapid DR Multiplex system (Nugen) was used for library preparation 

according to the manual. Libraries were amplified in a volume of 100μl for 15 cycles 

using MyTaq (Bioline) and standard Illumina primers. The size selection was done on 

a preparative Agarose Gel selecting fragments between 300 and 500bp  

 

We demultiplexed all libraries for each sequencing lane with using the Illumina 

bcl2fastq 2.17.1.14 software. In total, we obtained 150 bp paired-end reads (Illumina 

NextSeq 500 V2), with 400 million read pairs.  

In the next step we clipped of sequencing adapter remnants from all raw reads 

(reads with final length < 20 bases were discarded). Quality trimming of adapter-

clipped reads. By using Trinity 2.2.0 grouped digital normalization of quality trimmed 

reads was executed (http://trinityrnaseq.sourceforge.net/). rRNA sequences from 
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adapter clipped reads were filtered by using RiboPicker 0.4.3 

(http://ribopicker.sourceforge.net/) . Given that a reference genome of P. napi is not 

available, we performed a de novo assembly. The digitally normalized Illumina reads 

were de novo assembled with Trinity 2.2.0. Peptide identification was done with 

TransDecoder rel16JAN2014 (http://transdecoder.sourceforge.net/). The draft 

functional annotation of transcontigs and predicted peptides was done with Trinotate 

r20131110 (http://trinotate.sourceforge.net/).  

 

Differential expression analysis 

To identify differential expression of assembled transcripts, we aligned the them 

against assembled reference with STAR 2.4. 

(https://github.com/alexdobin/STAR/releases). The post-alignment filtering of reads 

was aligned to rRNA or tRNA regions. We counted the aligned reads with htseq-

count (http://www-huber.embl.de/users/anders/HTSeq/). The differential expression 

analysis was done by edgeR 3.2.3 

(http://www.bioconductor.org/packages/release/bioc/html/edgeR.html) and DESeq 

1.12.0 (http://bioconductor.org/packages/release/bioc/html/DESeq.html). In the last 

step we combinated and filtered the differential expression analysis. Significance was 

determined using a false discovery rate (FDR) threshold of 5%. The assembled 

transcript clusters were annotated against eukaryotic orthologous groups (KOG; 

RPS-BLAST algorithms) using the program Prophane and NCBI gi numbers. The 

COG/KOG system distinguishes among two protein main roles and 3 sub-roles. 
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