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ABSTRACT

ABSTRACT

Variation in biotic and abiotic ecological factors 
unavoidably shapes the life history of living organisms. 
The ability to integrate environmental cues and respond 
adequately can mark the difference between life and 
death. Phenotypic plasticity consists of a rapid response 
to variation in environmental variables, and it entails the 
ability of one genotype to generate multiple phenotypes 
over an environmental gradient. However, the degree 
of plasticity a phenotypic trait can display is limited by 
physiological and ecological constraints, which may 
impose trade-offs on other traits. Insects are an excellent 
system to explore phenotypic plasticity, because of their 
presence at all ecosystem levels making them important 
bio-indicators, and their occurrence in large numbers 
with a fast generation time making them optimal study 
subjects. 

The aim of this thesis is to uncover the degree of 
phenotypic plasticity in immunity and life-history traits 
displayed by a butterfly occurring in the temperate 
zone, the Finnish Glanville fritillary (Melitaea cinxia), 
in response to variation in the following ecological 
factors: food quality, larval density, susceptibility 
to a pupal parasitoid, food limitation and exposure 
to cold spells. The ecological factors were tested on 
different life stages of the butterfly, based on their 
ecological relevance. Particular importance is given 
to potential trade-offs among life-history traits, 
with special attention to the immune response. The 
immune system entails a complex of processes and 
structures that are activated any time insects interact 
with their environment, and hence its regulation and 
maintenance are costly. Therefore, extremely plastic 
immune responses may not be optimal.

The study approach involved a combination of 
laboratory manipulation of the ecological factors 
tested, collection of observational data of adult life 
history and mobility in a semi-natural enclosure, and 
three different immune assays (encapsulation rate, 
phenoloxidase activity and immune gene expression). 
Interactions with two components of the natural 
community were also included: the host plant pathogen 
powdery mildew (Podosphaera plantaginis), and the 
generalist pupal parasitoid wasp Pteromalus apum.

Key findings include a poorer performance of larvae 
fed on a diet including powdery mildew, and the 
upregulation of two immune genes on the same diet. 
This suggests that larvae feeding on infected host 
plants may pay a twofold cost of poor nutrient intake 
and unnecessary immune activation, potentially due to 
interaction with the plant pathogen. Moreover, larvae 
reared in high density showed a better performance 
and a greater ability to kill brood members of a pupal 
parasitoid wasp, which, however, did not help butterfly 
survival. This finding indicates that larvae of this species 
benefit from group living and do not suffer from 
stressful interactions in absence of food limitation. 
Further, a trade-off between pupal investment in the 
encapsulation immune response and adult mobility 
was detected, indicating potential costs of immunity 
in regard to expensive activities such as flight. Finally, 
cold spells during the pupal stage induced an increased 
melanisation of adult wings. In males, this response 
also led to a strong immune reaction to a bacterial 
challenge and markedly reduced lifespan, suggesting 
a condition-dependent cost of immunity. The findings 
indicate that the immune system is affected to some 
extent by most of the factors tested, but the degree of 
plasticity displayed may be constrained by costs arising 
from indiscriminate immune activation.
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TIIVISTELMÄ

Vaihtelevat ekologiset tekijät muokkaavat väistämättä 
eliöiden elinkiertoa. Eliön kyky yhdistää ympäristöstä 
tulevia signaaleja ja vastata niihin sopivalla tavalla 
voi vaikuttaa suoraan sen eloonjäämiseen. Ilmiasun 
mukautuvuus (engl. phenotypic plasticity) koostuu 
nopeista vasteita erilaisiin ympäristömuutoksiin ja 
sisältää myös genotyypin kyvyn luoda useita ilmiasuja, 
jotka sopivat muuttuvan ympäristön eri asteille. 
Kunkin ilmiasun sisältämää mukautuvuuden määrää 
suhteessa ympäristöön rajoittavat kuitenkin sekä 
ekologiset että fysiologiset tekijät. Tämä taas altistaa 
myös muut ominaisuudet resurssien jakamiseen 
liittyville allokaatiokustannuksille. Hyönteiset 
ryhmänä tarjoavat erinomaiset edellytykset ilmiasun 
mukautuvuuden tutkimiseen, koska ne esiintyvät 
kaikilla ekosysteemitasoilla, mikä tekee niistä tärkeitä 
bioindikaattorilajeja. Myös runsaslukuisuus ja nopea 
sukupolvien vaihtuvuus tekevät niistä ihanteellisia 
tutkimuskohteita.

 Tämän väitöskirjan tavoitteena on selvittää lauhkean 
vyöhykkeen päiväperhoslajin, täpläverkkoperhosen 
(Melitaea cinxia), elinkierto-ominaisuuksien 
mukautuvuus suhteessa seuraaviin ekologisiin 
tekijöihin: ravinnon laatu ja puute, toukkavaiheen 
yksilötiheys, alttius kotelovaiheen loisinnalle ja 
altistuminen kylmille ajanjaksoille. Näiden tekijöiden 
vaikutusta testataan täpläverkkoperhosen ekologisesti 
vastaavissa elinkierron vaiheissa. Painotus on eri 
elinkiertovaiheiden välillä mahdollisesti olevissa 
allokaatiotiokustannuksissa, keskittyen erityisesti 
elimistön immuunijärjestelmään. Immuunijärjestelmä 
on monitahoinen kokoelma erilaisia menetelmiä 
ja rakenteita, jotka alkavat toimia kun eliö on 
vuorovaikutuksessa ympäristönsä kanssa, ja siten 
sen ylläpitäminen ja sääteleminen aiheuttaa eliölle 
kustannuksia. Näin ollen äärimmäisen joustavat 
immuunivasteet eivät välttämättä ole optimaalisia.

 Tutkimuksessa käytettiin ympäristötekijöiden 
vaikutuksen kokeellista testaamista laboratoriossa, 
aikuisten elinkierron ja liikkeiden havainnointia 
luonnontilaisen kaltaisessa aitauksessa sekä 
kolmea erilaista immuniteettia mittaavaa testiä 

(koteloitumisnopeus, fenolioksidaasin aktiivisuus ja 
immuunigeenin ilmentyminen). Huomioon otettiin 
myös vuorovaikutus kahden luonnossa olevan 
eliöyhteisön osatekijän kanssa, jotka ovat isäntäkasvissa 
tautia aiheuttava härmä (Podosphaera plantaginis), sekä 
koteloituneissa toukissa loisiva generalisti loispistiäinen 
(Pteromalus apum).

 Tärkeimpiä tutkimuslöydöksiä olivat härmää 
sairastavalla kasvilla syötettyjen toukkien huonompi 
suoriutumiskyky sekä saman ravinnon aiheuttama 
kahden immuniteettiin liittyvän geenin lisääntynyt 
ilmentyminen. Tämä tarkoittaa, että sairasta 
isäntäkasvia ravintonaan käyttävät toukat voivat 
saada osakseen kaksinkertaiset kustannukset, jotka 
aiheutuvat sekä huonosta ravinteiden saannista että 
tarpeettomasta puolustusjärjestelmän aktivoitumisesta, 
joka mahdollisesti johtuu vuorovaikutuksesta 
isäntäkasvin taudinaiheuttajan kanssa. Lisäksi tiheässä 
ryhmässä kasvaneet toukat suoriutuivat paremmin ja 
kykenivät tuhoamaan koteloita loisineen loispistiäisen 
jälkeläiset, vaikka tämä ei parantanutkaan perhosen 
selviytymistodennäköisyyttä. Tämä osoittaa, että 
kyseisen perhoslajin toukat hyötyvät ryhmässä 
elämisestä ja eivät kärsi lisääntyneestä kanssakäymisestä 
muiden toukkien kanssa, jos ravinnosta ei ole 
pulaa. Lisäksi havaittiin allokaatiokustannustilanne 
kotelovaiheeseen panostamisen ja aikuisen perhosen 
liikkumiskyvyn välillä, mikä tarkoittaa että 
puolustuskyvyn parantamisella voi olla vastakkainen 
vaikutus runsaasti kuluttaviin toimintoihin, 
kuten lentämiseen. Lopulta myös kotelovaiheen 
altistuminen kylmyydelle lisäsi aikuisen perhosen 
siipien melanisaatiota. Koirasperhosille tämä 
vaste aiheutti myös vahvan puolustusreaktion, 
kun immuunipuolustusta haastettiin injektoimalla 
bakteeria hemolymfaan ja lyhensi selvästi elinikää, 
mikä merkitsee yksilön kunnosta riippuvaa kustannusta 
puolustuskyvylle. Yhdessä nämä tulokset tarkoittavat, 
että suurin osa testatuista ympäristötekijöistä vaikuttaa 
jossain määrin eliön puolustusjärjestelmään, mutta 
täpläverkkoperhosen ilmiasun joustavuutta rajoittavat 
kustannukset, jotka johtuvat puolustusjärjestelmän 
tarpeettomasta käynnistymisestä.
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1 INTRODUCTION

Living organisms are at the mercy of an environment 
that is in constant transformation under the influence of 
changing biotic and abiotic ecological factors (Meyers 
& Bull 2002). The success of organisms living in a 
certain environment lies in their ability to cope with 
these environmental variations, and adjust in order to 
maximize their fitness. But what extent of phenotypic 
variation is required before the benefits of constantly 
adapting are outweighed by the costs? 

One excellent means of responding rapidly to 
environmental variation in an adaptive way, without 
involving genotypic changes, is phenotypic plasticity 
(Whitman & Agrawal 2009). Phenotypic plasticity 
allows one trait to produce different phenotypes in 
response to external factors, hence it has an incredible 
potential in shaping the interaction of organisms with 
their environment. However, the variety of plastic 
phenotypes that can be expressed by a single trait is 
not infinite, but limited by physical constraints, and 
an adequate match with the new external condition 
depends on a correct integration of environmental 
cues. Under natural conditions, the degree of 
phenotypic plasticity an organism can express is 
further hindered by limited resource availability, 
and hence some of the phenotypes displayed may be 
suboptimal, or give rise to trade-offs with other traits. 
The physiological, morphological and behavioral 
variables describing how successfully an organism 
persists and reproduces are collectively known as 
life-history traits (Flatt & Heyland 2011). One set 
of processes that is often disregarded, but crucial in 
preventing harmful interactions with the environment, 
is the immune system. Because life-history traits in 
general and immune responses in particular are costly 
to regulate and maintain, trade-offs between them 
have often been reported (e.g., Sheldon & Verhulst 
1996). A deeper understanding on the degree of 

plasticity of the immune system in regard to variation 
in external stimuli is crucial for a fine interpretation of 
how organisms interact with their environment.

1.1 BIOTIC AND ABIOTIC ECOLOGICAL 
FACTORS

The factors critically shaping the phenotypes of 
organisms can be classified as biotic and abiotic (Hooper 
et al. 2005). Biotic factors include all the living or once 
living components interacting significantly with the focal 
study organism. In particular, changes in the amount and 
quality of prey or primary resources used by the focal 
species, parasite, pathogen or predator densities in the 
ecosystem belong to this class, as well as demographic 
changes in the population of the focal species (Meyers 
& Bull 2002). Conversely, abiotic factors cover all 
the non-living components affecting the physical and 
chemical condition of the environment, such as ambient 
temperature, humidity, oxygen concentration, pressure, 
solar radiation and pH (Wingfield 2013). Abiotic factors 
act on a larger scale than biotic ones, so that changes 
in the abiotic factors are possibly responsible for most 
variations observed in the biotic factors (Meyers & Bull 
2002).

1.2 PLASTICITY & CANALIZATION OF 
PHENOTYPIC TRAITS

One effective way to respond to varying biotic and 
abiotic ecological factors is by producing alternative 
phenotypes to match the new environmental conditions. 
Alternative phenotypes can arise from immediate and 
reversible behavioral changes or from the irreversible 
production of different genotypes over evolutionary 
time scales (Meyers & Bull 2002). In addition, new 
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phenotypes can arise from non-reversible plasticity over 
a short time-scale (i.e. within-generation; Whitman & 
Agrawal 2009). Phenotypic modifications that appear 
as a consequence of an environmental change, and 
increase the fitness of the individuals bearing them, are 
considered adaptive (Gotthard & Nylin 1995). Hence, 
plasticity is expected to be beneficial as providing 
greater flexibility to genotypes across multiple 
environment types (Ghalambor et al. 2007). Stearns 
and colleagues (1991) defined phenotypic plasticity as 
“the set of phenotypes expressed by a single genotype 
across a range of environmental variation”. Another way 
to describe phenotypic plasticity is as the reaction norm 
resulting from a continuous environmental variable and 
a continuous phenotypic trait (Gotthard & Nylin 1995; 
Angilletta 2009). The degree of phenotypic plasticity a 
certain genotype can express likely evolved by means of 
selection (Via & Lande 1985). 

A mechanism combining genotype and phenotype in a 
way opposite to plasticity is canalization. Canalization 
consists of a flat reaction norm describing the ability to 
produce the same phenotype regardless of variation in 
environmental variables (Nylin & Gotthard 1998). The 
starting point of canalization consists of the generation 
of a plastic phenotype over a short time scale as 
adaptive response to a certain environment. The 
same phenotype is then subject to natural selection 
in the conditions under which it was generated. Over 
evolutionary time scales, the phenotype becomes 
fixed and hence independent of the environmental 
variable that induced it in the first place (Waddington 
1942, 1961; Pigliucci & Murren 2003). Phenotypes 
becoming fixed via canalization are expected to be 
also the ones more crucially linked to fitness (Nylin & 
Gotthard 1998).

1.3 LIFE-HISTORY TRAITS

The life-history theory investigates how evolution 
modulates the phenotypic traits underlying 
development, reproduction and death of living 
organisms (Nylin & Gotthard 1998). In particular, how 
these traits are shaped by natural selection in relation 
to different ecological factors is central to the study of 
life histories, as well as the plasticity a trait can display 
across different environments (Flatt & Heyland 2011). 
Traditionally, life-history traits were restricted to the 
following: size at birth, growth pattern, age and size at 

maturity, number, size, and sex ratio of offspring, age-
and size-specific reproductive investments, age- and 
size-specific mortality schedules, length of life (Stearns 
1992). However, more recently the definition has been 
extended to traits indirectly influencing the ones listed 
above, or strongly correlating with them as generally 
contributing to determine the fitness of an organism 
such as body mass, reproductive behavior (Flatt & 
Heyland 2011), and even immunocompetence (Owens 
& Wilson 1999). 

 Because life-history traits are crucially involved in 
defining the fitness of living organisms, they are 
unavoidably subject to the physical (e.g. the size of an 
organism cannot increase infinitely) and physiological 
(e.g. an organism cannot live on a diet composed by 
a single element) constraints underlying different 
species and individuals within species. Hence, the 
amount of variation that is allowed for a single trait 
is internally constrained (Flatt & Heyland 2011). 
Moreover, external ecological factors act upon these 
traits, shifting the traits’ optimal phenotypes along 
the range of variation internally allowed. In addition, 
the amount of resources an organism can acquire in 
a lifetime is limited, hence trade-offs among different 
life-history traits must occur. Classic examples of 
life-history trade-offs are the one between body size 
and development time, number and size of offspring, 
current reproductive success and future survival, and 
nutrient intake and lifespan (Stearns 1989; Partridge, 
Piper & Mair 2005). 

 There is a vast body of literature reporting plastic 
modifications of life-history traits in response to 
varying ecological factors. One pattern typically 
observed is body size reduction in response to food 
limitation during development, which has been 
reported in several species from insects to humans 
(Metcalfe & Monaghan 2001).  However, dietary 
restriction is also associated to positive effects, as 
lifespan extension (Fontana, Partridge & Longo 2010). 
Importantly, organisms suffering from food stress may 
compensate, for example, by developing for longer 
time, which is also a well-documented plastic response 
in organisms with complex life-cycles (e.g. in salmons, 
nematodes and amphibia; Nicieza & Metcalfe 1997; 
Szewczyk et al. 2006; Dahl et al. 2012). However, 
a prolonged development time does not ensure a 
complete recovery from the initial stress. The effects 
of developmental food stress may still be evident in age 
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and size at maturity, reproductive traits or behaviors, 
or even transmitted to the next generation (Metcalfe 
& Monaghan 2001; Teder, Vellau & Tammaru 2014). 
Similar effects have been reported also in regard to 
alterations in food quality (Metcalfe & Monaghan 
2001; Álvarez & Nicieza 2002). Moreover, interactions 
with other living organisms, either of different trophic 
levels or conspecifics, also impact investment in life-
history traits. Crowding has been related to variation 
in body size at maturity, adult growth and behavior in 
toads and insects, mostly in a negative way as inducing 
competition for resources, or favoring disease spread 
(Miller & Thomas 1958; Steinhaus 1958; Morey & 
Reznick 2001). However, crowding can even give 
rise to cooperative interactions, increase synergy 
and result in perfectly organized societies like in 
the case of eusocial insects (Cremer, Armitage & 
Schmid-Hempel 2007; Meunier 2015). Further, 
perceived competition, disease or predation risk as a 
consequence of crowding may even give rise to general 
stress responses (Adamo 2012). Finally, environmental 
stress due to variation in abiotic ecological factors, 
such as extreme temperatures or UV radiations, also 
induce general stress responses, such as the release 
of reactive oxygen species, leading to DNA and cell 
damage and ultimately impacting life history (Adamo 
2010; Flatt & Heyland 2011).

1.4 INSECTS & BUTTERFLIES

Insects are an extremely diverse class of organisms, 
which successfully colonized all existing habitat types, 
except for marine systems, thanks to their extraordinary 
ability to adapt and respond to environmental changes 
(Schowalter 2006; Gullan & Cranston 2009). Their 
widespread presence at multiple ecosystem levels 
and their ability to respond to long- and short-term 
perturbations make them important bio-indicators 
of the state of health of the environment (Schowalter, 
2006). In fact, insects act as ecosystem engineers, and 
play a critical role in fundamental ecosystem services, 
such as pollination, seed dispersal and soil formation. 
Hence, they can in turn modify their environment by 
altering portions of habitat via aggregation with other 
insects or interaction with multiple trophic levels 
(Danks 2002). 

Another distinctive trait of insects is the complexity 
of their life-cycles. Apart from wingless insects 

where juveniles resemble miniaturized adults (i.e. 
ametabolous development), winged insect species 
go through a more or less dramatic metamorphic 
transformation (i.e. holometabolous and 
hemimetabolous development, respectively; Gilbert & 
Frieden 1981). Metamorphosis does not only merely 
describe the process through which winged insects 
reach the stage of reproductive maturation, but it 
also implies an extreme metabolic rearrangement and 
the switch from a terrestrial or aquatic lifestyle to a 
partially aerial one (Gilbert & Frieden 1981). Because 
of this, winged insects have the intrinsic potential to 
thrive in two very different habitat types throughout 
their life-cycle, which makes them extremely 
adaptable. Hence, organisms with complex life-cycles 
have an outstanding ability to interpret environmental 
cues, and wisely incorporate them in order to match 
the best moment to trigger the transformation in 
sexually mature adults.

Lepidoptera include the astounding characteristics 
of insects listed thus far, with the addition of wing 
patterns generating an overwhelming variety of 
shapes and colors. The graceful and sometimes bizarre 
appearances of butterflies and moths has relentlessly 
captured the attention of scientists and non-scientists 
of all times. 

1.5 INSECT IMMUNITY

The current increasing interest in insect immunity 
has been driven by several reasons. First, although 
the general pathways of insect immunity are well 
understood, relatively little is known about the 
modulation of such mechanisms, in contrast to the 
extensively studied vertebrate immune system. For 
example, insect genomes duplicate at a faster rate than 
vertebrates’ (Wyder et al. 2007, Zdobnov and Bork 
2007), hence the evolution of unique components 
of humoral (Bulet et al. 1999) and cellular (Lavine & 
Strand 2002) immunity may be relatively frequent 
(Rolff & Reynolds 2009), and worth investigating. 
Second, the decline of ecosystem services, as the ones 
provided by pollinators, is at least partially attributed 
to a compromised immune system (Oldroyd 2007). 
Moreover, some insects have economic implications, 
as the silkworm (Bombyx mori), and numerous studies 
have been performed in order to find solutions to 
pathogen outbreaks in economically relevant species 
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(e.g., Glaser 1925, Han and Watanabe 1988, Baig et 
al. 1990). Conversely, other insects can become major 
pests, as for example the gypsy moth (Lymantria dispar) 
after its introduction in North America (Elkinton & 
Liebhold 1990). Hence, pest management studies are 
also in increasing demand. Finally, ectoparasite insects 
are important vectors of severe diseases as malaria 
(Anopheles genus) and dengue (Aedes genus), and studies 
on the transmission cycle through the vector’s immune 
system are critical for human health (Christophides, 
Vlachou & Kafatos 2004).

Anytime an insect interacts with the environment, 
the chances of developing an infection are increased. 
Foraging is one of the activities exposing insects to 
infective agents, as the digestive tract is a relatively 
poorly defended area, and it is in constant contact 
with microbes acquired with food (Siva-Jothy, Moret 
& Rolff 2005). Moreover, food quality can play a 
crucial role because a low nutrient intake may weaken 
the immune system, but also because indigestible or 
toxic compounds can be present in the food ingested 
(Walling 2000). Crowding is another factor facilitating 
the risk of disease outbreak, either via direct contact 
or mediated by stress factors that increase with high 
population densities (Steinhaus 1958). Other types 
of interactions with conspecifics or other organisms 
are known to shape immune defenses. For example, 
eusocial insects have been found having a reduced 
amount of immune genes compared to other insects, 
and it has been suggested to be a consequence of division 
of labor and social immunity (Evans et al. 2006). Also, 
interaction with predators and symbiotic microbes 
has been related to upregulation of baseline immune 
defenses (Joop & Rolff 2004; Cremer et al. 2007). The 
biotic interactions listed are further complicated by 
the action of abiotic factors, such as variation in local 
temperature (Lazzaro et al. 2008), as well as changes 
in landscape structure or patch size (Berggren 2009). 
For the above listed reasons, the versatility of insect 
immunity (Box 1) under the influence of multiple 
ecological factors has to be carefully considered. 

Studies performed with laboratory selected lines of 
model organisms have provided invaluable knowledge 
about the mechanisms underlying insect immunity 
(Rolff & Reynolds 2009). However, responses 
displayed by such models to varying environmental 
conditions may provide biased or incomplete 
information compared to wild organisms. Although 

Drosophila melanogaster and Tribolium castaneum are 
excellent models for studying insect immunity, 
laboratory generations can have very little in common 
with their wild equivalents, due to the enormous 
divergence between the selective pressures in the two 
cases. In addition, despite the common pathways of 
immune activation identified, not all the mechanisms 
of immunity can be extended to any insect species, 
due to the substantial variation accumulated during 
the evolution of different orders (Rolff & Reynolds 
2009). Hence, the choice of the study organism is 
crucially related to the questions addressed, and to the 
ecological relevance in the wild of the factors tested.

1.6 TRADE-OFFS

Trade-offs are commonly associated to the life-history 
theory, but they can occur among any physiological 
trait or activity. A thorough definition of trade-offs 
within the life-history framework is the one by Roff and 
Fairbairn (2007) stating that “a trade-off occurs when an 
increase in fitness due to a change in one trait is opposed 
by a decrease in fitness due to a concomitant change 
in the second trait”. Trade-offs can be of two types: 
physiological or internal, and ecological or external 
(Zuk & Stoehr 2002). Physiological trade-offs are the 
ones deriving from limitations in the energy budget: 
because limited resources cannot be equally allocated to 
any trait, the allocation is primarily directed to certain 
metabolic pathways only, potentially the ones directly 
involved in immediate survival. Conversely, ecological 
trade-offs arise from performing activities or behaviors 
that likely affect fitness. For example, longer foraging 
times can lead to an increased predation risk (Stearns 
1992). Because the activation and maintenance of an 
effective immune system require allocation of costly 
resources, trade-offs between immunity and life-history 
traits are expected to occur under a limited energy 
budget (Sheldon & Verhulst 1996). Starved bumblebees 
showing reduced survival after immune activation are 
a typical example of physiological cost of immunity 
(Moret & Schmid-Hempel 2000). An example of 
ecological cost of immunity is instead the increased risk 
of infection following repeated mating activity (Zuk & 
Stoehr 2002).
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BOX 1. THE IMMUNE SYSTEM OF INSECTS                    

Traditionally, the immune system of insects has been described as consisting of innate immunity alone (Klein 1989), hence 
lacking memory and specificity, with components of adaptive immunity considered a prerogative of vertebrates only. 
However, recent growing evidence suggests that specific memory is present also in the insect immune system (Vilmos 
& Kurucz 1998; Kurtz 2004, 2005; Sadd & Schmid-Hempel 2006), providing new insight on the way insects respond to 
infections or their environment. The immune system of insects can be divided into cellular and humoral defenses: humoral 
defenses are represented by a wide array of antimicrobial peptides (AMPs), which can differ among species, as well as 
other enzymes, that are generally activated to contrast bacteria and fungi (Lemaitre, Reichhart & Hoffmann 1997). In 
contrast, microbes that can be phagocytosed, as well as larger pathogens or parasitic metazoans, are usually attacked by 
cellular defenses (Lavine & Strand 2002). Hemocytes represent the cellular line of defense of insects, and they can be 
divided based on morphology and function. However, as hemocyte morphs vary depending on the species or on the life 
stage of the insect, I will refer to either phagocytosing hemocytes or cells exhibiting adhesive properties. Typically, a higher 
number of hemocytes in the hemolymph is assumed to provide the insect with a better immune activation, regardless 
of the morphology (Kraaijeveld, Limentani & Godfray 2001). Hemocytes with adhesive properties can lead to the joint 
formation of layers around a foreign body, a process known as nodule formation that is activated when the pathogen is too 
large to be phagocytosed (Siva-Jothy et al. 2005). When intruders are even larger, as in the case of parasitoids, the process 
of hemocyte aggregation is called encapsulation (Pech & Strand 1996; Lavine & Strand 2002). Both processes culminate 
with the melanisation of the nodule or capsule, which becomes dark and impermeable thanks to the activation of the 
phenoloxidase enzymatic pathway (PO), another key component of the humoral response (Siva-Jothy et al. 2005, reviewed 
in González-Santoyo & Córdoba-Aguilar 2012).

  Pathogens most likely penetrate the hemocoel from regions where the external cuticle is interrupted, as spiracles, sensory 
pores, and particularly through the digestive and reproductive tracts (Siva-Jothy et al. 2005). Once they have entered the 
hemolymph, the hemocoelic humoral defense is activated through the recognition of non-self molecules on the surface of 
the pathogen, collectively known as PAMPs (pathogen-associated molecular patterns), by pattern-recognition receptors 
(PRRs) in the hemolymph and on the surface of hemocytes (Schmid-Hempel 2005; Rolff & Reynolds 2009). The pattern 
recognition leads to the activation of signaling pathways that vary depending on the type of pathogen or insult: (i) Toll is 
primarily activated by Gram-positive bacteria and fungi, (ii) Imd is activated by Gram-negative bacteria, while (iii) JAK/
STAT is activated by stress or injury (Rolff & Reynolds 2009). Both Toll and Imd pathways lead to the expression of immune 
genes and, eventually, to the synthesis of antimicrobial peptides in the fat body and their rapid release into the hemolymph. 
Antimicrobial peptides activate lytic processes against intruding microbes, and the class of AMPs recruited typically differs 
depending on the type of microbe initially detected by PRRs (e.g. defensins are active against Gram-positive bacteria, 
drosomycin is antifungal; Bulet et al. 1999, Hoffmann 2003). In addition, some antimicrobial peptides can be found only 
in specific insect orders (e.g. hemolin in Lepidoptera; Rolff and Reynolds 2009). Finally, cytotoxic compounds other than 
antimicrobial peptides are additionally produced following an infection: lysozyme is released in the digestive duct, in the 
hemolymph, or inside phagocytosing hemocytes along with reactive oxygen species (i.e. ROS; Nappi and Ottaviani 2000).

Figure from Schmid-Hempel 2005 Figure from Siva-Jothy et al. 2005
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Figure 1.Figure 1. Conceptual 
map of the thesis linking map of the thesis linking 
biotic (blue) and abiotic biotic (blue) and abiotic 
(yellow) ecological factors (yellow) ecological factors 
with the thesis chapters with the thesis chapters 
(Roman numerals) and (Roman numerals) and 
life stages on which they life stages on which they 
were tested.were tested.

2 AIMS OF THE STUDY

The main aim of this thesis is to investigate how varying 
ecological factors experienced in different life stages 
shape the investment in immunity and life history of the 
ecological model species Glanville fritillary butterfly. 
This was done by assessing potential trade-offs between 
life-history traits and immune defense, and questioning 
whether the activation of costly responses is always 
adaptive (i.e. beneficial). Another objective was to 
implement more realistic ecological set-ups in the 
study of ecological immunology, by using semi-natural 
conditions whenever possible and including interactions 
with relevant components of the natural community of 
the focal species. 

The combination of experimental manipulation in 
controlled conditions and observational data collected 
in a semi-natural set-up allowed me to answer the 
following general questions:

• What is the relevance of early-life resources on 
later development traits (food quality, I; food 
quantity, III)?

• What is the impact of early-life environment 
on phenotypic responses in later stages (larval 
density, II; cold spells, IV)?

• To what extent are conditions experienced 
during early-life stages a reliable cue for adult 
life history (III, IV)?

The following specific aims are addressed by 
each chapter (in Roman numerals; Fig 1): 

I. What are the combined effects of varying content 
of plant metabolites and the presence of a plant 
pathogen on larval immunity and life history? The 
focus is on young pre-diapause larvae. I assessed 
the effects of the interaction between content of 
iridoid glycosides (IGs) in the host plant Plantago 
lanceolata and infection with the specialist powdery 
mildew. The effects of the two factors on the life 
history of the larvae have been previously assessed 
separately, but never simultaneously. In addition, 
I investigated the potential effects of feeding on 
mildew infected food on the immune response 
(gene expression and phenoloxidase activity) of 
the larvae.

 Predictions: The combination of low IGs and 
mildew presence is predicted to negatively 
impact larval growth, in agreement with 
previous findings (Nieminen et al. 2003; 
Laine 2004). Plants rich in IGs are expected 
to upregulate at least some components of 
larval immunity as a result of their fitter 
condition, whereas mildew-infected food is 
expected to reduce investment in immunity 
due to a presumably lower nutritional value. 

II. How does larval density influence larval growth 
and the ability to resist a gregarious pupal 
parasitoid wasp? The focus moves to the larval 
stages following the winter diapause. Larvae are 
gregarious, but often split and become solitary 

I. Plant
metabolites

I. Plant
pathogen

III. Food
stress

II. Larval
density

II. Pupal
parasitoid

IV. Ambient
temperature

B
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T
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during the last instar. I manipulated the degree of 
“crowding” of larval groups to test whether group 
living is a beneficial condition for the larvae or 
whether it induces any costs in immunity or life 
history. Pupal and adult encapsulation responses 
are assessed, as well as adult survival, parasitoid 
brood size and sex-ratio. 

Predictions: Larvae reared in high density are 
expected to show signs of stress in terms of 
a trade-off between investment in immunity 
and other life-history traits. The trade-off 
is expected to favor immunity, as crowding 
is a predictor of higher infection risk and 
has been shown to upregulate immunity in 
other insect species (Wilson & Cotter 2009). 

III. Does food limitation combined with investment 
in immunity induce trade-offs in the life history 
of adults? Chapter III also involves post-diapause 
larvae, but in this case the major focus is on the 
fitness of adults. Larvae experience a short-term 
intermittent food stress during the last instar. 
Pupal encapsulation is assessed in controlled 
conditions, and adult life-history traits are 
assessed in a semi-natural population enclosure. I 
was specifically interested on whether the effects 
observed were solely due to changes in body mass 
due to the food-stress treatment, and whether 
previous investment in immunity had a role in 
shaping adult life-history traits, or mobility across 
the population enclosure.

Predictions: Based on previous work 
(Saastamoinen & Rantala, 2013), larval food 
stress is predicted to increase pupal investment 
in immunity. A higher investment in immunity 
is expected to be costly and affect negatively 
adult life-history traits, such as fecundity or 
mobility, especially in food-stressed individuals. 

IV. How does previous exposure to cold 
spells influence the wing pigmentation and 
thermoregulation of adults? Melanin production 
is costly and involved in a number of functions 
including thermoregulation and immune response. 
Hence, one additional question is whether the 
potential production of darker wings imposes 
any costs on immunity. The focus is shifted to the 
pupal and adult stages. I assessed the effects of cold 

treatments experienced during the pupal stage 
in comparison to when experienced in the last 
larval instar. I investigated the role of cold spells 
in shaping wing melanisation of adults, as well as 
potential trade-offs with the immune response 
inducing melanisation in the hemolymph (i.e. 
phenoloxidase activity). Adult thermoregulatory 
behavior, life-history traits and mobility in relation 
to natural climatic conditions are assessed in a 
semi-natural population enclosure.

Predictions: Cold exposure during development 
is predicted to increase the degree of 
melanisation of adult wings, and in turn improve 
their thermoregulation (i.e. thermal melanism 
hypothesis; Clusella Trullas et al. 2007). In 
addition, because melanin has a key role in both 
pigmentation and immune response, a trade-
off is expected between these two functions. 
Finally, melanin production is an energetically 
demanding process involving the release of 
toxic byproducts. Hence, excessive melanin 
production may impose life-threatening costs.

3 METHODS

3.1 THE FINNISH GLANVILLE FRITILLARY 
BUTTERFLY

The amount of environmental fluctuation is known 
to increase with latitude, so that organisms inhabiting 
temperate regions are expected to display a greater 
degree of phenotypic variability (Sunday, Bates & 
Dulvy 2011). The Glanville fritillary butterfly has the 
northernmost limit of its distribution in the temperate 
region, in the Åland islands (Finland). In Åland, the 
butterfly occurs in a scattered landscape made of 
discrete patches of suitable habitat surrounded by a 
matrix of unsuitable habitat. The spatial configuration 
reflects a classic metapopulation structure (Hanski 
1998) where the habitat patches incur local extinction 
and recolonization via dispersal. A suitable patch 
for the butterfly consists of a dry meadow including 
one of the two larval host plants Veronica spicata and 
Plantago lanceolata (Ojanen et al. 2013). At this latitude, 
the butterfly produces one generation per year (i.e. 
univoltine life-cycle). Adults fly from June to early 
July and lay clusters of 100-250 eggs at the base of a 
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host plant. Larvae hatch and feed gregariously until 
they reach the fourth or fifth instar in mid-September. 
At this stage they cease feeding and spin a conspicuous 
overwintering silken nest where they will diapause until 
the following spring (Fig 2). Half-developed larvae 
emerge from the diapause after snowmelt in mid-March 
and resume feeding gregariously. When they reach the 
seventh and usually last larval instar they may become 
solitary and wander in search of host plants, until 
pupation occurs in May (Ojanen et al. 2013).

 The butterfly is a key element supporting a community 
including two primary parasitoid wasps, Cotesia 
melitaearum and Hyposoter horticola, specialized on the 
larvae, and the specialist hyperparasitoid Mesochorus 
stigmaticus, along with other less well documented 
generalists parasitizing larvae and pupae (e.g. Pteromalus 
apum, Lei et al. 1997). The life-cycle of C. melitaearum is 
perfectly integrated in the one of M. cinxia, so that the 
wasp has three generations within each generation of 
the butterfly (van Nouhuys & Lei 2004). At a lower 

3.2 LIFE-HISTORY ASSESSMENTS 

Rearing & developmental traits

Individuals used in the studies presented were either 
collected from the wild in the summer or fall (II, III, 
IV), or laboratory generated from wild-collected 
parents (I, IV). Laboratory generated larvae used to 
study the effects of plant content of iridoid glycosides 
and mildew infection (I) were reared in controlled 

in family groups, and fed cuttings of commercial P. 
lanceolata during the first sensitive instar. As soon as they 
molted to the second instar, they were fed on Plantago 
leaves that had been selected to contain either high or 
low concentrations of iridoid glycosides (selected by A. 
Biere and H. B. Marak in the Netherlands Institute of 
Ecology; Marak et al. 2000). The plants were in addition 
either healthy or infected with a mixture of two natural 

level in the community we find the Plantago-
specific powdery mildew Podosphaera plantaginis 
(Fig 3). The powdery mildew infection begins 
in mid-June and the spores become visible on 
the plant in September. Hence, ovipositing M. 
cinxia females are unlikely to predict the degree 
of susceptibility of the plants to the disease 
(Laine 2004). In addition, the fungus is wind-
dispersed, and the butterfly has no apparent role 
in facilitating the dispersal of the fungal spores 
(Laine & Hanski 2006). Nonetheless, the pre-
diapause larvae are often found on mildew-
infected plants and their overwinter survival is 
known to be reduced by feeding on mildew-
infected food (Laine 2004).

Figure 2. The life-cycle of the Glanville fritillary butterfly.

Figure 3. Healthy Plantago 
lanceolata (left) and infected 
with the powdery midew 
Podosphaera plantaginis (right).

S u m m e r

S p r i n g

D i a p a u s e

(June – August)

(September – March)
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D i a p a u s eD i a p a u s e
(September – March)(September – March)



17

ELENA ROSA

strains of powdery mildew (Laine 2005). Larvae were 
fed on the assigned treatments until they entered the 
diapause. Molting dates were marked and diapausing 
larvae were weighed individually. 

Post-diapause individuals (II, III, IV) are woken from 

conditions) by exposing them to the laboratory daily 

cuttings, and moisture to imitate snowmelt. Once 
they molt into the 7th and usually last instar, larvae 
are assigned to a unique ID, weighed and moved to 
individual cups, where they pupate. This was done in all 
the studies using post-diapause larvae (III, IV) except for 
the one assessing the effects of larval density (II). In this 
case, post-diapause larvae were reared in groups of 4 or 
12 larvae until pupation to simulate low and high larval 
densities, respectively. Larvae that were food-stressed 
(III) were fed every second day during the last instar for 
a total of two days. To simulate cold spells, larvae used in 
the cold-exposure experiment (IV) were placed for one 
day and two nights in cold conditions (12/8°C, 12/12h, 
L/D) after spending three days in control conditions, 
and the cycle continued until pupation.  

One-day-old pupae are weighed once more and 
replaced in the individual cups until adult eclosion. 
Pupae used in the cold- or cool-exposure experiments 
(IV) underwent the same cold cycles as the larvae 
(12/8°C, 12/12h, L/D), or slightly milder (“cool”, 
18/12°C, 12/12h, L/D). In the experiment assessing 
the effects of larval density (II), a subset of the pupae 
were parasitized with the generalist gregarious pupal 
parasitoid Pteromalus apum (Fig 4). This was done by 
placing each pupa in a petri dish with a mated female 
of P. apum for 24 h. 

When adults eclosed (II, III, IV), they were either 
subject to the encapsulation immune assay (II; see 

below for details), immobilized to assess wing 
darkness (Fig 6, left) and sample hemolymph (IV), 
released in butterfly cages in controlled conditions for 
lifespan assessment (IV), or released in a large outdoor 
population enclosure (III, IV; Fig 5).

Immune challenge treatments

To place the immune assays (see below) in an ecologically 
relevant context, we challenged the immune system of 
the individuals tested (I, II, IV). Larvae in the diapause 
stage treated with IG-selected and mildew infected plants 
(I) were immune challenged with a microscopic needle 
dipped in a solution with a high concentration of lyophilized 
cells of a non-pathogenic bacterium (200 mg mL-1 of 
Micrococcus luteus in a phosphate-buffer-saline solution). 
Controls underwent the same treatment but only with the 
phosphate-buffer-saline solution (PBS). The larvae were 
snap-frozen 24 h later and stored at -80 for later analysis.

 A subset of the pupae that experienced different larval 
densities (II) were immune challenged with a nylon 
filament, also used as immune assay (see “encapsulation 
rate” below), 24 h before encountering the parasitoid. 

Figure 4. The pupal parasitoid wasp Ptermalus apum 
while ovipositing inside the puparial wall of a M. cinxia 
pupa (Picture by Saskya van Nouhuys).

Figure 5. From left to right: the outdoor population enclosure for adult life-history observations, a M. cinxia 
mating pair, and an inactive butterfly on a cold day.
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This was done to investigate whether a recent immune 
challenge would upregulate the immune system and 
make the individuals less susceptible to a second 
immune challenge (i.e. parasitoid). This mechanism is 
known as immune priming (Little & Kraaijeveld 2004). 
The same procedure was performed also on pupae that 
had been food-stressed (III). In this case, however, it was 
used only as a measure of immunity and not as immune 
challenge, as it was done on all individuals. 

 A subset of the adults used in the cold-exposure 
experiments (IV) were injected with 2 μL of a non-
pathogenic bacterial cell solution (5 mg mL-1 of M. 
luteus lyophilized cells) or PBS as control 24 h after 
the wing pictures and hemolymph samples were taken. 
A subset of these individuals were used for lifespan 
assessments, whereas from the remaining hemolymph 
was resampled 24 h later. 

Immune assays

Immune gene expression: A pool of three larvae fed on 
different IG and mildew diets (I) were used for real-time 
qPCR on seven immune genes associated to both Toll 
and Imd pathways (Box 1), and two housekeeping genes. 
The primers used (Toll: lysozyme, prophenoloxidase 
(proPO), -1,3-glucan recognition protein (ßGRP), 
pelle and serpin 3a; Imd: attacin and peptidoglycan 
recognition protein LC (PGRP-LC); housekeeping: 
histone H2A.Z and mitochondrial ribosomal protein 
L37) were designed by Woestmann et al. (2017). 

Phenoloxidase activity: A subset of the remaining frozen 
larvae of the IGs and mildew feeding experiment 
(I) were sampled for hemolymph. The hemolymph 
was extracted from pools of three larvae and used 
for the phenoloxidase (PO) activity immune assay. 
Phenoloxidase is an enzyme present in the hemolymph 
triggering melanin production upon infection by a 

pathogen or macro-parasite (Cerenius & Söderhäll 
2004). Its ability to convert melanin is used in insect 
immunology as a measure of immunocomptence 
(Freitak, Heckel & Vogel 2009). The PO activity was 
assessed also for the adults sampled in the experiment 
testing cold exposure, before and after the immune 
challenge (IV).

Encapsulation rate: The ability to encapsulate foreign 
objects was assessed by inserting a 2 mm nylon 
implant in the cuticle for 1 h, and digitally measuring 
the degree of melanisation of the implant (method 
by Saastamoinen & Rantala 2013). The assay was 
performed inserting the implant on the side of the 
second-last proleg segment of three-day-old pupae (II, 
III), and in the thorax of adults (II).

The butterflies from which adult life-history traits were 
assessed (III, IV) were marked individually and released 
in a large outdoor population enclosure (32×26×3 m; 
Hanski, Saastamoinen & Ovaskainen 2006; Fig 5). For 
the adults used for the cold-exposure experiment (IV), 
the release was combined with taking thermal images 
(Fig 6, right) to measure the thermoregulation ability of 
adults basking in the sun. The population cage is placed 
on a dry meadow resembling the vegetation composition 
typically found in Åland. Mating pairs are searched 
actively between 9 am and 6 pm every day and date and 
time of each mating are recorded. Ovipositing females 
are constantly monitored in the central portion of the 
enclosure, where potted P. lanceolata and V. spicata used 
for oviposition are located. The time and temperature 
at oviposition are recorded and the egg clusters are 
collected after the oviposition is terminated. The eggs 
and hatching larvae are counted in controlled conditions 
to obtain reproductive success measures. Moreover, 
these data are combined with the records of the mating 

Figure 6. Digital image of 
a live butterfly pinned under 
a plastic film (left) and 
thermal image of a butterfly 
basking in the sun (right).
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Figure 7. Average mass of the diapausing larval instar (IG, 
P<0.0001; mildew, P<0.0001) in relation to IG content 
in the diet. Larvae fed on healthy and mildew infected 
plants are shown in light and dark grey, respectively 
(chapter I). Dark bars represent median values.

pairs, to obtain data on male reproductive success. When 
the weather conditions are suitable for the butterflies 
to be active, systematic censuses are performed across 
the enclosure to record the positions of the butterflies 
throughout the experiment. This is made possible by the 
enclosure being divided into an 8×8 grid. The locations 
and the number of observations of each butterfly are 
combined to obtain mobility measures (Hanski et al. 
2006). Finally, the observational data also provide an 
estimate of when a butterfly was observed for the last 
time, hence providing a proxy of lifespan.

3.3 STATISTICAL ANALYSES

Data from all the experiments were analyzed with a 
Linear Mixed Model approach. The analyses for chapters 
I, II and IV were analyzed with R for windows (packages 
lme4 and lmerTest; Bates et al. 2015). Data from chapter 
III were analyzed with JMP (SAS Institute Inc., Cary 
NC, USA).

4 MAIN RESULTS AND 
DISCUSSION

I was interested in addressing the effect of variation in 
biotic and abiotic ecological factors on life-history traits, 
with particular attention to the interactions between 
life history and immune defense. In particular, trade-
offs between investment in life history and immunity 
were searched for to investigate the adaptive value of 
the responses observed.

similar to other specialists on chemically defended host 
plants, such as monarch butterflies on milkweed and 
cinnabar moths on ragwort (containing cardenolides 
and alkaloids, respectively; reviewed in Després, David 
& Gallet 2007). Similarly, larvae specialized on IGs are 
known to sequester these compounds and use them 
to be better defended from predators (Bowers 1983; 
Pereyra & Bowers 1988; Adler, Schmitt & Bowers 
1995; Suomi et al. 2003). The beneficial effect of IGs 
on body mass was even more evident in interaction 
with the mildew infection, indicating that the larvae 
fed on healthy plants with high IGs acquired the largest 
mass. Conversely, the smallest body mass resulted 
from the diet including low IGs and mildew infection, 
meeting our initial prediction. These findings are in line 
with previous studies suggesting IGs to act as feeding 
stimulants for the larvae (Nieminen et al. 2003), and 
mildew infection negatively impacting on pre-diapause 
larval development and post-diapause survival (Laine 
2004). In a similar vein, adult females of the Glanville 
fritillary butterfly have shown oviposition preference for 
plants with higher concentrations of IGs (Nieminen et 
al. 2003), indicating that ovipositing females may choose 
plants maximizing the survival chances of their offspring. 
However, if females can estimate the quality of the plant 
based on IG content, they cannot as equally predict 
whether a plant will become infected with mildew. In 
fact, during the adult flight season the mildew infection 
is just beginning, and females may oviposit on plants that 
will become infected later on (Laine 2004). However, 
little is known on the ability of females to detect traces 
of mildew on the recently infected plants, and whether 
this can influence their oviposition choice. 

4.1 RELEVANCE OF EARLY-LIFE 
RESOURCES (I, III)

I manipulated three ecologically relevant factors 
impacting the nutritional intake of pre- (I) 
and post-diapause (III) larvae: content of plant 
metabolites and plant health state (I), and quantity 
of food ingested (III). The high concentration of 
plant iridoid glycosides positively affected larval 
body mass acquisition (Fig 7). Despite that IGs 
are a class of plant defense compounds against 
herbivory (Biere, Marak & van Damme 2004), 
M. cinxia performed better on high-IG plants. 
This result is not surprising because the butterfly 
is highly specialized on plants containing IGs, 
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The negative effects of the mildew on larval growth 
meet the general predictions on tripartite interactions 
between herbivores, plants and fungal phytopathogens. 
As suggested by a recent meta-analysis, fungal plant 
pathogens are in general expected to reduce the 
performance of insect herbivores, despite a large 
variation exists among study systems (Fernandez-
Conradi et al. 2017). In particular, powdery mildews 
are known to utilize C and N produced by the plant 
and hence reduce their availability in the plant tissues, 
resulting in impaired plant growth and photosynthetic 
ability (Bushnell & Allen 1962). Somewhat 
surprisingly, our data (I) indicate that the presence 
of mildew in the food upregulates the expression of 
two larval immune genes (lysozyme and proPO). 
Because the concentration of IGs in itself caused no 
change in the immune gene expression, this result 
is strictly related to the presence of mildew, or its 
effects on the host plant. Whether this is the direct 
consequence of the insect immune system recognizing 
the mildew as a pathogen, and consequently activating 
an immune response against it is unclear. Plant 
pathogens may interact with insect herbivores also 
directly, and use them as vectors or alternative hosts, 
as found with aphids and beetles associated with a 
rust fungus (Kluth, Kruess & Tscharntke 2002), and 
several insect-phytobacteria associations (reviewed in 
Nadarasah & Stavrinides 2011). The effect observed 
may be also indirectly mediated via alteration of other 
components of the plant tissue due to the mildew 
infection. Nonetheless, our data suggest an additional 
cost of consuming mildew infected food, on top of the 
mere reduced nutrient intake: the cost of activating an 
immune response against a supposedly harmless plant-
specific fungus.

As initially hypothesized, there was a negative effect 
of mildew presence in the diet on the ability of the 
PO enzyme to convert melanin in the hemolymph. 
Although this effect was opposite to the upregulated 
gene expression of the precursor enzyme proPO, the 
two findings are not necessarily contradictory: the 
lower PO activity may be caused by an actual lack of 
resources to invest in the production of costly melanin 
(Cerenius & Söderhäll 2004) due to the poor quality 
of the diet including the mildew infection. This may 
be the case despite the upregulated expression of the 
proPO gene, indicating a potential mismatch between 
the demand for proPO upregulation and a substantial 
lack of amino acids as substrate for melanin production. 

Therefore, the diet including mildew caused lower 
body mass and lower PO activity, suggesting that poor 
nutrition reduced growth and the ability to mount an 
immune response. At the same time, mildew presence 
upregulated immune gene expression for a response 
that is supposedly non-beneficial. To our knowledge, 
feeding on a diet including mildew seems to give 
rise to several costs that are counterbalanced by no 
benefits. Hence, the activation of immune defenses 
under these circumstances seems to be maladaptive.

A high concentration of iridoid glycosides (I) was 
negatively correlated to the PO activity in the 
hemolymph, challenging our initial prediction. This 
finding is in line with other findings on IG-specialized 
Lepidoptera (Smilanich et al. 2009; Richards et al. 
2012; Lampert & Bowers 2014), but in contrast with 
one study on post-diapause larvae of the Glanville 
fritillary butterfly (Laurentz et al. 2012). Reduced 
PO activity on a high-IG diet may represent a cost of 
sequestering plant defensive compounds as found with 
the IG-specialist moth Ceratomia undulosa (Lampert & 
Bowers 2014). This may represent a potential trade-off 
between defense against predators (IG sequestration) 
and pathogens (PO activity). The different outcome of 
the two studies on the Glanville fritillary butterfly may 
depend on ecological differences between pre- and 
post-diapause larvae, instead. 

A two-day intermittent food stress during the last 
larval instar (III) also produced an effect on body 
mass, with food-stressed individuals reaching a lower 
pupal weight. This result is in line with other findings 
with insects (Davidowitz, D’Amico & Nijhout 2003; 
Nijhout 2003; Davidowitz & Nijhout 2004). However, 
the two sexes differed so that the pupal mass reduction 
was significant only in females. Interestingly, both 
sexes delayed larval development time, but the delay 
in males was longer, indicating a more extended 
development, and hence time spent feeding, as possible 
reason of the successful compensation of male pupal 
mass. However, why females did not similarly extend 
their development time remains unclear. The pupal 
mass reduction following food stress is in contradiction 
with previous work, where pupal mass of neither sex 
was significantly reduced by an identical treatment 
(Saastamoinen, Hirai & van Nouhuys 2013a). The 
reason why the two studies differ is potentially related 
to a difference in the genetic background of the 
larvae used (Nijhout 2003), or in the environmental 
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Figure 8. Effect of larval (a) 
and pupal (b) temperature 
treatments on wing darkness 
corrected by size in the two 
sexes. Larval temperature 
had no effect on wing 
darkness, whereas pupal 
cold treatment increased 
wing darkness in both sexes 
(P<0.04). Cold and control 
treatments are represented 
by dark and light gray, 
respectively (chapter IV). 
Dark bars represent median 
values.

conditions they experienced in the wild (Kingsolver, 
Ragland & Diamond 2009; Saastamoinen et al. 
2013b), or even transgenerational effects (Woestmann 
& Saastamoinen 2016). Finally, contrary to what 
expected, food stress during development induced 
no alteration on the ability of pupae to encapsulate a 
nylon implant.

4.2 IMPACT OF EARLY-LIFE ENVIRONMENT 
(II, IV)

Similar to dietary content, the environment experienced 
by young larvae is expected to shape consistently the 
phenotypic traits of later life stages. Two alternative 
environmental variables were manipulated: crowding 
(II) and temperature (IV). Crowding was tested on 
post-diapause larvae, and its effects were assessed in 
relation to development traits. Temperature (IV) was 
tested in terms of intermittent cold exposure during the 
last larval instar and during the pupal stage, and related 
to potential melanisation of adult wings. Somewhat 
surprisingly, crowding, or high larval density (II), had 
a positive effect on development, as larvae reared in 
high density developed faster and reached a larger 
pupal mass, suggesting that the gregarious environment 
benefits larval growth. Cold spells during the last 
larval instar produced no effect on wing darkness (IV; 
Fig 8 a). Pupal cold or mild cold exposure, instead, 
had an important role in increasing wing darkness 
of adults (Fig 8 b). The data on pupal cold exposure 
seem to support the hypothesis of thermal melanism 
(Clusella Trullas, van Wyk & Spotila 2007), based on 
which darker phenotypes of ectotherm animals are 
found in colder conditions because they benefit from a 

thermoregulatory advantage compared to paler morphs. 
Hence, if we interpret the effect of pupal cold exposure 
on adult wings as a predictive adaptive response (van den 
Heuvel et al. 2013), pupal environment seems a better 
predictor of adult conditions than larval environment.

For responses related to immunity, such as the ability 
to neutralize a parasitoid wasp (II), crowding seemed 
to be beneficial. Although crowding produced no 
variation in the pupal encapsulation rate, a greater 
number of parasitoids per brood were killed by 
pupae that had been reared in high density. However, 
this did not improve the actual chances of survival 
to parasitism, because the host has to kill the entire 
wasp brood in order to survive. Nonetheless, high-
density pupae showed a greater immune attempt to 
fight the parasitoids. If we combine this result with the 
one indicating better growth of larvae reared in high 
density, we can conclude that crowding has a positive 
effect on both life-history traits and immune defense. 
Based on these results, there is no evidence of a trade-off 
between immunity and life history due to the crowded 
early-life environment. Hence, larvae of the Glanville 
fritillary butterfly appear to benefit from group living, 
at least under ad libitum conditions, and the effect 
may be potentially driven via cooperative interactions 
(Fitzgerald & Costa 1999). Pupal encapsulation did 
not induce a priming effect on the immune response 
against the imminent parasitoid attack. In fact, the 
number of butterflies surviving the parasitism and 
the number of parasitoids killed by primed pupae was 
the same as in the unprimed individuals. Nonetheless, 
priming, or a repeated activation of the immune system 
had no detrimental effect on the pupae. Encapsulation 
rate of surviving adults was also unaffected by priming, 



22

SUMMARY

but was instead upregulated in individuals that had not 
been primed. This may be because the parasitoid itself 
may be perceived by the host as a threat and hence 
induce immune activation, as found for dragonflies 
in response to predation (Duong & McCauley 2016). 
In chapter II, this was interpreted as a general stress 
response that is still evident in the surviving adults. 
Indeed, the pupae are able to perceive the parasitoid as 
they often wobble when a parasitoid is placed on them 
(ER personal observation). The reason why we do not 
observe the same with the primed individuals may be 
due to the costs of repeated immune activation due 
to the priming, or by priming masking the potential 
immune activation induced by the parasitoid.  

The immune response of adults was mostly unaffected 
by cool-exposure during the pupal stage (IV), with 
one exception. Both sexes responded to the non-
pathogenic bacterial challenge by upregulating PO 
activity, but this response was markedly stronger in 
cool-exposed males. In addition, cool-exposed males 
were less tolerant to the bacterial immune challenge, 
as their lifespan was seriously reduced compared to 
the controls. The reduced lifespan in relation to higher 
PO activity reflects a typical cost of immunity. The 
trade-off between lifespan and immunity has been 
previously reported (e.g. with the model species for 
insect immunity Tenebrio molitor; Krams et al. 2013), 
and can be interpreted as a physiological trade-
off between the two, due to the costly resources 
allocated to immunity (and taken away from somatic 
maintenance; Flatt & Heyland 2011). Also, byproducts 
of immune responses as PO activity releasing ROS are 
thought to have a role in this trade-off by increasing 
cellular damage (Cerenius & Söderhäll 2004). Females, 
instead, showed no apparent costs of immunity. Why 
the sexes differed is unclear, but it probably relates to 
contrasting resource allocation patterns in males and 
females due to their different reproductive strategies 
(Mckean & Nunney 2005, 2007).

4.3 ADULT LIFE HISTORY IN SEMI-
NATURAL CONDITIONS (III, IV)

Adult life-history traits were significantly impacted by 
larval food stress (III), but not as clearly by pupal cold 
exposure (IV). Larval food stress reduced female pupal 
mass, and this was correlated with low female fecundity as 
found in several insect orders (reviewed in Hon k 1993). 

Reduced female fecundity following developmental food 
stress is typically found in this species (Saastamoinen, 
Hirai & van Nouhuys 2013a). The effect of food stress on 
female fecundity was evident even on top of the effect 
of body mass. Hence, lower fecundity was only partially 
mediated via body size reduction. Food stress also led to 
lower female mobility within the artificial patch of habitat, 
with no effect of body mass. Males that underwent the 
food-stress treatment suffered from a lower ability to 
sire any offspring at all. This negative effect possibly 
relates to lower dominance rank of food-stressed males 
making them incapable of holding a territory. In fact, 
food-stressed males also showed a greater propensity to 
move across the population enclosure during the initial 
days of the experiment, when most of the matings 
occur (i.e. early mobility). Greater mobility in M. cinxia 
has been associated to a territorial behavior displayed 
by males of low quality (i.e. patrolling Scott 1974; 
Wahlberg 2000; Niitepõld et al. 2011). In other words, 
although food stress did not alter male body mass and 
they were apparently able to compensate by extending 
development time, male reproductive success was 
reduced. However, when males did sire offspring, the 
number of viable larvae sired was higher for males 
with lower mass, indicating that male body mass is 
not as relevant as it is for females, and it potentially 
acts in an opposite way in shaping male fitness. Other 
work on the Glanville fritillary butterfly suggests 
that, although male spermatophore size and body size 
are correlated, spermatophore size is irrelevant in 
shaping female reproductive success (Duplouy et al. 
2017). Finally, a trade-off between pupal investment in 
immunity (i.e. encapsulation) and mobility throughout 
the whole experiment was detected in both sexes (i.e. 
total mobility, Fig 9). This may indicate a potential 
cost of previous investment in immunity that becomes 
evident in the long run, and hence result in lower overall 
mobility. 

 Mild cold experienced during the pupal stage (IV) 
influenced adult life history in a somewhat surprising 
way: cool-exposed individuals were in general more 
active during the warmer times of the day. In fact, a 
higher propensity by cool-exposed individuals for 
mating (both sexes) and ovipositing (females) at 
warmer temperatures was observed, at least during 
the early stages of the experiment when adults are 
most active. This response is unexpected because 
cool-exposed individuals developed darker wings, 
and under the thermal melanism hypothesis (Clusella 
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Trullas et al. 2007) they are predicted to be more 
active in cold climatic conditions. This deviation from 
the initial hypothesis indicates that the effects observed 
may be to some extent behavioral. However, this effect 
may be partially biased by the age at which individuals 
were released, as well as the temperature at release, 
which in females differed slightly between treatments. 

Wing darkness impacted adult life-history traits to 
some extent. Unexpectedly, more melanised wings 
did not correlate with a faster thorax heating rate in 
males and, even more surprisingly, in females the two 
traits were negatively correlated. Additionally, darker 
females appeared to bask for longer intervals before 
taking off, which allowed them to reach higher thorax 
temperatures at takeoff. Moreover, darker females 
showed higher mobility in the early stages of the 
experiment, indicating that their thermoregulation 
strategy, or wing pigmentation itself, allowed them 
to fly for greater distances. Nonetheless, the behavior 
underlying the heating strategy of darker females is 
puzzling. A negative effect of melanisation on body 
temperature increase has been reported for the central 
dorsal portion of the wings of Pieris (Kingsolver 1987).  
However, Pierid butterflies have a unique basking 
strategy, known as reflectance basking, which exploits 
the white portions of the wings, held open at a certain 
angle, to direct heat to the thorax (Kingsolver 1987; 
Stoehr & Goux 2008). Since this strategy is specific to 
Pierid butterflies, a similar behavior for light colored 
Glanville fritillary butterflies can be ruled out. 

Male thermoregulation seemed unrelated to wing 
pigmentation, and instead more dependent on body 

size. In fact, smaller males reached higher takeoff 
temperatures, but also basked for longer, with no 
implication of wing darkness. There is clear sexual size 
dimorphism in M. cinxia (Saastamoinen et al. 2013b), 
with males being the smaller sex. Hence, male body 
size may represent a more relevant constraint for 
thermoregulation compared to wing pigmentation, 
as small males are more subject to convective cooling 
(Gilchrist 1990). For example, males of different sizes 
may use different thermoregulation strategies, with 
smaller males incorporating more heat potentially to 
compensate for heat loss during flight due to their 
limited body surface. Nonetheless, larger males 
showed marginally higher mobility during the whole 
experiment, indicating that their strategy may allow 
them to fly greater distances in the long run. Wing 
melanisation also influenced mating success, with 
unmated individuals of both sexes having a higher 
degree of melanisation. This result suggests a potential 
role of wing melanisation in sexual selection (e.g. 
Wiernasz 1989; Svensson & Waller 2013). However, 
whether this effect is due to the dark pigments per se, 
or to variation in conspicuousness of orange pigments 
is unknown. Finally, female lifetime egg production 
was unaffected by wing melanisation, indicating that, 
at least in the conditions tested, increased production 
of melanin does not impose a cost on female fecundity. 

Wing melanisation appears to be not as relevant for 
thermoregulation as initially hypothesized, at least 
for resting butterflies on fully sunny days. However, 
it may be important in storing heat during flight. 
Moreover, behavior and the physical properties of 
melanised wings may also play a crucial role. It is 

Figure 9. Negative relationship 
between adult total mobility and pupal 
encapsulation (P=0.0007) separately 
for the two sexes (males: open circles, 
dashed line; females: filled circles, 
solid line; chapter III; Figure © Rosa E 
& Saastamoinen M (2017), Oecologia 
184(3): 633-642).
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important to note that patterns that are assessed in 
the visible wavelengths are simultaneously involved 
in a number of functions including warning signals 
and cryptic colorations (Stuart-Fox, Newton & 
Clusella-Trullas 2017). Hence, the patterns observed 
represent a compromise among multiple functions, 
and may not exclusively reflect thermoregulation 
ability. In contrast, measurements in the near-infrared 
wavelengths may represent a more reliable predictor 
of thermal adaptation, as ruling out the confounding 
factors present in the visible spectrum (reviewed in 
Stuart-Fox, Newton & Clusella-Trullas 2017).

4.4 COSTS OF (PLASTIC) IMMUNITY

The primary aim of the thesis was to investigate how 
different components of the immune system vary 
in relation to the ecological factors tested. This was 
done to ultimately assess the degree of plasticity of the 
immune system, and hence its adaptive value. Five out 
of the six ecological factors tested impacted immunity 
to some extent (Table 1). Larval food stress (III) was the 
only factor producing no effect on the immune response 
tested, specifically pupal encapsulation rate. This 
indicates that the type of food stress used was potentially 
too mild, as a similar study with a more drastic treatment 
showed a marginally significant upregulation of pupal 
encapsulation, and a significant upregulation of adult 
encapsulation (Saastamoinen & Rantala 2013). The other 
factors affecting the immune defense all suggest that 
the immune system of the Glanville fritillary butterfly 
is plastic, at least to some extent. However, even when 
resulting in a positive response, like in the isolated case 
of larval density increasing the number of parasitoids 
killed by pupae, there seems to be no indication of a 
striking benefit of a plastic immune system. In fact, even 
if a greater number of parasitoids are killed, the actual 
survival from parasitism remains unaffected. Moreover, 
the alteration in immune gene expression due to the diet 
including mildew (I) seems to reflect a cost of reacting 
to a harmless fungus (or to the alterations it creates 
in the plant). Similarly, high dietary IGs (I) seem to 
impose a cost on immunity related to sequestering the 
plant defense compounds, whereas encountering the 
pupal parasitoid (II) appears to reflect a general stress 
response that is still evident in the adult. Moreover, cool 
exposure during the pupal stage appears to upregulate 
the baseline threshold for male PO activation, but only 
in the case of a bacterial challenge (IV; Table 1). 

 In order to investigate the adaptive value of a costly 
yet important trait like immunity, trade-offs with 
other life-history traits were specifically searched for. 
Only two life-history traits were found to correlate 
negatively with previous investment in upregulated 
immunity. Higher pupal encapsulation rate was related 
to low total mobility of adults (III), and condition-
dependent high PO activity appeared to reduce male 
lifespan (IV; Table 1). As above, in both cases the 
investment in immunity did not seem to provide any 
additional benefit on the traits tested.

 Based on these findings, the degree of plasticity of an 
insect’s immune system appears to be lower compared 
to the other life-history traits investigated. In addition, 
most of the indications of a plastic immune system 
appear to be linked to a cost. These data suggest 
that deviations from the typical immune response, 
consisting of the cascade of reactions following 
the recognition of an actual threat, may have been 
negatively selected for as not adaptive. In other terms, 
the costs of uncontrolled immune activation may be 
much higher than the potential benefits.

5 CONCLUSIONS AND 
PROSPECTS

Ecological factors are known to shape the phenotypes of 
wild organisms in a direction that is often assumed to be 
adaptive or beneficial in relation to a specific environmental 
variable. However, the extent of modification a certain 
trait can bear is limited by physical and physiological 
constraints intrinsic to the organism, as well as by the 
need to modify also other traits in response to a changing 
environment. These constraints give unavoidably rise 
to trade-offs that living organisms need to minimize in 
order to survive. With this thesis, I investigated how the 
influence of a range of ecological factors can shape the 
immunity and life history of different life stages of an 
ecological model species. Understanding how insects 
respond to variations in their environment is especially 
relevant in the light of the environmental change we 
are currently facing. In particular, understanding the 
costs underlying the modulation of the immune system, 
crucial to ensure the survival of an insect, is even more 
relevant. Ultimately, I tried to emphasize the importance 
of addressing ecological questions under more realistic 
experimental set-ups, in order to place the results 
obtained in an ecologically relevant context. 
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Ch. Factor Effect on immune 
response

Trade-off with life 
history Interpretation Met initial 

predictions?

I Mildewed 
food

Upregulated 
proPO and 

lysozyme immune 
genes

- Cost of reacting to a non-pathogenic 
fungus or to the alterations in the 

diet induced by the fungus
No

 Downregulated 
PO activity

- Cost of poor nutrition on immune 
response Yes

I High IGs Reduced PO 
activity - Cost of sequestering IGs No

II Crowding
Killed more 

parasitoids (higher 
‘immune attempt’)

- Positive effect induced by crowding, 
but does not help survival Yes

II Parasitoid
Upregulated 

encapsulation of 
surviving adults

- General stress response to perceived 
parasitoid attack -

III Food stress - - - No

III -
Higher investment 

in pupal 
encapsulation

Low lifetime 
mobility

Possible cost of previous investment 
in immunity Yes

IV
Cool +  

bacterial 
challenge

Upregulated male 
PO activity Reduced lifespan Condition-dependent cost of 

activating an immune response Yes (males only)

Table 1. Summary of the effects induced by the tested ecological factors on immune response, and potential 
trade-offs between immunity and other life-history traits (listed by chapter).

Reacting to changes in the environment with 
corresponding phenotypic modifications appears to be 
a sound strategy. However, when the consequences of 
environmental variation are hard to predict, having a 
fixed response may have its advantages. Traits that do 
not respond to environmental change in a plastic way 
are either irrelevant in regard to the environmental 
variable tested, or they are canalized, and hence 
do not vary regardless of the external conditions 
(Waddington 1942, 1961; Pigliucci & Murren 2003). 
The insect immune system appears to display some 
degree of plasticity, but the implications of this are 
mostly reflecting costs of immunity in response to 
the factors tested. Moreover, investment in immune 
defenses appears mostly weakly related, or unrelated, 
to most of the life-history traits measured. In general, 
the plasticity displayed by the immune responses tested 
was restricted to a limited number of cases (Table 1), 
despite several other life-history traits were clearly 
affected. Hence, the immune system is plastic to some 
extent, but not as much as the majority of the life-history 

traits assessed. Therefore, there appears to be a greater 
canalization of immune-related responses. Why this is 
the case may depend on the costs of immune activation 
(Flatt & Heyland 2011). Indeed, the immune system 
is highly regulated in insects as it is in other organisms 
(Murphy & Weaver 2009; Rolff & Reynolds 2009), and 
we all are familiar to the costs of an overly sensitive 
immune system, which may result in allergies and 
self-immune diseases. In insects, these costs come in 
the form of trade-offs due to a limited energy budget, 
or due to the release of toxic compounds following 
indiscriminate immune activation (e.g. ROS, Cerenius 
& Söderhäll 2004). Hence, a greater canalization of 
immune-related responses is necessary, as the costs of 
excessive plasticity would considerably outweigh the 
potential benefits.

With this thesis I shed light on some of the complex 
interactions among life-history traits, immunity 
and ecological factors on different life stages of an 
ecological model organism. However, a number of 
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points raised in the present work deserve further 
attention. Further studies are needed to assess the 
ecological relevance of upregulating the expression of 
proPO and lysozyme immune genes when feeding on a 
diet including mildew (I). Based on the data presented, 
the effect of the mildew alone on the larvae and the 
effect produced via alteration of the plant material 
cannot be separated. A similar study exposing the pre-
diapause larvae to the mildew spores alone should be 
performed to assess whether the fungus has a direct 
effect in shaping the larval immune response. In which 
case, there would be empirical evidence suggesting 
direct interactions between two trophic levels 
previously considered to be interacting predominantly 
via the host plant. Moreover, the effects of IGs on the 
larvae should be further investigated by offering diets 
with different IG concentrations to larvae of different 
ages, and measuring how larval growth and PO activity 
vary with age. This would allow to assess whether the 
cost of IG sequestration is affected by age.

Importantly, group living seems to have a beneficial 
effect on the post-diapause stages of the Glanville 
fritillary butterfly (II), as more crowded groups 
showed a better performance than less crowded ones. 
However, to fully prove the benefits of group living 
in this species, a similar study should be performed 
including also a “solitary” treatment group where the 
larvae are reared individually. If solitary larvae grew 
smaller and showed higher susceptibility to the pupal 
parasitoid than the ones reared in low density, the 
benefit of group living would be fully demonstrated. 
Also, it would further support the idea that last instar 
larvae in nature become solitary merely because of 
resource depletion.

The mechanisms underlying body size determination 
(e.g. critical weight, induction of metamorphosis; 
Davidowitz et al. 2003) in relation to the resources 
acquired (III) and to the specific time on which they 
are acquired are not well understood in this organism. 
Moreover, the implications of the natural conditions 
experienced in the wild, as well as the impact of 
genetic background on body size determination should 
be formally tested and quantified.

In order to fully understand the thermoregulatory 
relevance of wings of the Glanville fritillary butterfly 
(IV), the chemical and physical structure of wing 
pigments should be resolved. Moreover, different 

wing portions should be separately tested for their 
thermoregulatory potential as, for example parts 
proximal to the thorax are more directly involved 
in convective heat transfer (e.g. Kingsolver 1987). 
In addition, thermally induced melanisation should 
be tested also in relation to warmer temperatures 
during development. Finally, wavelengths other than 
the visible may play an important role in explaining 
animal behaviors, such as the near-infrared for 
thermoregulation (Stuart-Fox, Newton & Clusella-
Trullas 2017), and the UV spectrum for visual 
signaling (Briscoe et al. 2010).
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