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Abstract

Understanding the mechanisms and processes that underlie adaptation and which factors

affect the evolutionary potential of populations are central themes in Evolutionary Biology. In

this thesis I address the issue of how history, chance and selection can affect the adaptation to

new environments, integrating several biological levels. For that I characterized the initial dif-

ferentiation in the new laboratorial environment of three Drosophila subobscura populations,

derived from different locations along the European cline for several phenotypic traits, thermal

plasticity, chromosomal inversion frequencies, and the association between chromosomal poly-

morphism and wing traits – the latter expanded to South American populations. Additionally, for

the European populations, I followed their real-time evolutionary trajectories during adaptation

to a novel, common environment. The main conclusions are that, though history played a promi-

nent role on the initial performance of several phenotypic traits, fast convergence was observed

for both adult phenotypic traits and plastic response to non-optimal temperatures. However,

convergence did not occur for chromosomal inversion frequencies, as populations remained dif-

ferentiated even after forty generations of evolution in the common environment. Nevertheless,

some inversions presented similar patterns between foundations indicating that selection acted

within the boundaries created by history. On the other hand, chance events shaped the association

between inversion polymorphisms and wing traits during the colonizing event of South America.

These contrasting patterns between European and South American populations are consistent at

the continent level. On the other hand, laboratory evolution changed the association between

wing size and inversions for the European populations. Summing-up, this thesis shows that his-

tory does not constrain phenotypic adaptive evolution, or the plastic thermal response. It also

shows that adaptation to a new environment can be attained through different genetic mecha-

nisms. Finally, it suggests that adaptation to a stable environment does not hamper later response

to novel environmental challenges.

Keywords: Experimental Adaptive Evolution; History and Selection; Clinal Differentia-

tion; Phenotype; Karyotype
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Resumo

Compreender os mecanismos e processos subjacentes à adaptação e quais os factores que

afectam o potencial evolutivo das populações são temas centrais na Biologia Evolutiva. Esta tese

foca-se em perceber como é que a história, o acaso e a selecção afectam a adaptação a novos am-

bientes, integrando vários nı́veis biológicos. Para tal caracterizei a diferenciação inicial, no ambi-

ente laboratorial, de três populações de Drosophila subobscura, derivadas do cline Europeu, em

várias caracterı́sticas fenotı́picas, plasticidade térmica, frequências de inversões cromossómicas

e associação entre polimorfismo cromossómico e caracterı́sticas das asas – esta última expandida

a populações da América do Sul. Adicionalmente, nas populações Europeias, caracterizei a tra-

jectória evolutiva em tempo real durante a adaptação a um novo ambiente comum. As principais

conclusões são que, apesar do papel proeminente da história no desempenho inicial em várias

caracterı́sticas fenotı́picas, foi observada convergência para caracterı́sticas fenotı́picas dos adul-

tos e resposta plástica. Contudo, esta não ocorreu para frequências de inversões cromossómicas,

levando a que as populações se mantivessem diferenciadas, mesmo após quarenta gerações de

evolução. Algumas inversões apresentaram padrões similares entre fundações, indicando que

a selecção agiu dentro dos limites da história. Por outro lado, eventos aleatórios afectaram a

associação entre inversões e caracterı́sticas das asas durante a colonização da América do Sul.

Estes padrões contrastantes entre a Europa e América do Sul mantiveram-se consistentes ao nı́vel

do continente. Por outro lado, a evolução no laboratório mudou a associação entre o tamanho

da asa e as inversões nas populações Europeias. Em resumo, esta tese mostra que a história não

constrange a evolução adaptativa fenotı́pica ou a resposta térmica plástica. Também ilustra que a

adaptação a um novo ambiente pode ser obtida através de diferentes mecanismos genéticos. Fi-

nalmente sugere que a adaptação a um ambiente estável não impede a resposta a novos desafios

ambientais.

Palavras-chave: Evolução Experimental; História e Selecção; Adaptação, Fenótipo; Cariótipo
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Resumo Alargado

A capacidade de adaptação a novos ambientes é crucial para uma resposta adequada a

desafios ambientais. No entanto existem ainda muitas questões em aberto sobre os mecanis-

mos e processos subjacentes à adaptação. Nomeadamente, qual o papel que a história, o acaso

e a selecção têm durante este processo. O objectivo desta tese é compreender qual é o papel

destas três forças a vários nı́veis biológicos. Com este objectivo foi feita a fundação no labo-

ratório de três populações de Drosophila subobscura provenientes de latitudes contrastantes ao

longo do cline Europeu, originando cada uma três populações réplica no laboratório. Nestas

populações foi feita a análise da diferenciação inicial e subsequente dinâmica evolutiva de várias

caracterı́sticas fenotı́picas de adultos e juvenis, plasticidade térmica, frequências de inversões

cromossómicas e associação de polimorfismo cromossómico com tamanho e forma da asa. Esta

última análise foi também feita numa geração inicial em três populações da América do Sul.

O objectivo desta tese é responder às seguintes questões: 1) Populações provenientes de lo-

cais diferentes apresentam diferenciação histórica, mesmo num novo ambiente?; 2) A adaptação

prévia a ambientes distintos impede uma resposta plástica?; 3) Como é que eventos aleatórios du-

rante a colonização afectam associações genéticas?; 4) As associações genéticas são estáveis ao

longo do espaço ou tempo?; 5) Como é que a plasticidade evolui durante a adaptação a um ambi-

ente constante?; 6) A diferenciação histórica pode constranger a adaptação a um novo ambiente?;

7) O papel relativo da história, acaso e selecção varia consoante o nı́vel biológico estudado?

A tese está estruturada em sete capı́tulos. O primeiro capı́tulo apresenta uma revisão da

literatura relevante para os diversos tópicos abordados ao longo dos capı́tulos seguintes, que

reportam a contribuição empı́rica deste estudo. Os capı́tulos 2, 4 e 5 estão publicados e os

capı́tulos 3 e 6 estão submetidos, todos em revistas internacionais. Finalmente, no capı́tulo 7

são discutidos os vários resultados obtidos e expostas as conclusões gerais da tese, assim como

questões pertinentes a desenvolver no futuro. De seguida são explicitados os principais resultados

e conclusões da tese.

No segundo capı́tulo foi caracterizada a diferenciação inicial e subsequente dinâmica evo-

lutiva durante a evolução no laboratório, de três populações provenientes do cline latitudinal

Europeu. Esta análise foi feita em caracterı́sticas relacionadas com a fecundidade, resistência

xvii



à inanição e tamanho do corpo. Nas gerações iniciais a contribuição da história foi muito ele-

vada com clara diferenciação entre as populações, com uma pequena contribuição do acaso.

A variação histórica desapareceu rapidamente, devido à selecção, levando à convergência fe-

notı́pica entre as populações. Foi também observado que, apesar da convergência, os trajectos

pelos quais as populações atingiram o pico adaptativo foram diferentes. O desaparecimento

rápido da contribuição da história sugere um grande poder da selecção uniforme, pelo menos ao

nı́vel fenotı́pico.

No terceiro capı́tulo foi analisada a contribuição da diferenciação histórica para a resposta

plástica a diferentes temperaturas das populações analisadas no capı́tulo anterior, e também como

é que esta resposta evoluı́a ao longo da adaptação a um ambiente estável. Para tal foram estudadas

várias caracterı́sticas da história da vida de adultos e juvenis. Observou-se diferenciação na

resposta plástica entre populações em várias caracterı́sticas dos adultos. Observou-se também

que a resposta plástica térmica não era constrangida pela adaptação prévia a outros ambientes.

Por outro lado, a resposta plástica dos juvenis não apresentou diferenciação entre populações nem

dinâmica evolutiva. A convergência entre normas de reação das populações para caracterı́sticas

dos adultos foi observada em poucas gerações, apesar desta ter sido atingida devido sobretudo

a um aumento geral de performance. O facto da plasticidade não ter desaparecido ao longo da

adaptação a um ambiente constante sugere que a evolução neste ambiente não acarreta custos

muito elevados para a resposta plástica.

No quarto capı́tulo a diferenciação inicial assim como a evolução das frequências das in-

versões cromossómicas é analisada para as mesmas três populações Europeias estudadas ante-

riormente. Estas populações apresentaram diferenciação inicial concordante com estudos prévios

em clines latitudinais da Europa. Ao longo da adaptação ao ambiente laboratorial esta diferenciação

diminuiu apenas entre a população intermédia e a do sul, mantendo-se a população do norte

diferenciada. Apesar disto observaram-se padrões similares entre populações para algumas in-

versões. Este facto sugere que a selecção actuou dentro dos constrangimentos históricos iniciais,

levando ao aparecimento de alguns padrões evolutivos comuns. A falta de convergência obser-

vada sugere que o conteúdo genético das inversões é diferente entre as várias populações. Por

outro lado também indica que a convergência fenotı́pica observada nos dois primeiros estudos
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não reflecte a dinâmica evolutiva do nı́vel cariotı́pico.

No capı́tulo 5 foi analisada uma população da Europa (Adraga, Portugal) e outra da América

do Sul (Puerto Montt, Chile) para testar como é que o acaso pode afectar a associação genética

entre inversões cromossómicas e caracterı́sticas das asas. Estudos anteriores apontam para que

Puerto Montt seja a representante da colonização da América do Sul e subsequentemente a do

Norte. Foi observada uma associação positiva entre o tamanho das asas e as inversões standard

apenas para Adraga. Por outro lado para a forma das asas foi observada uma associação negativa

com as inversões standard apenas para Puerto Montt. Isto sugere que esta última associação po-

deria explicar o sinal negativo do cline para a forma das asas na América do Norte, contrastando

com os clines positivos da Europa e América do Sul. Para além disto, a associação contras-

tante entre populações sugere que durante a colonização o efeito gargalo levou à mudança da

associação entre as populações dos continentes.

O capı́tulo 6 é a continuação do estudo anterior, onde se analisa a associação entre carac-

terı́sticas das asas e do polimorfismo cromossómico em três populações do cline latitudinal da

Europa e da América do Sul, incluindo as estudadas no capı́tulo 5. A análise duma geração inicial

permitiu estudar como é que a associação genética muda ao longo do espaço. Para além disso, a

análise das populações Europeias numa geração mais avançada permitiu testar se a evolução num

novo ambiente mudava as correlações entre caracterı́sticas das asas e inversões. Na geração ini-

cial nenhuma população apresentava associação entre o tamanho e inversões e só as populações

Sul Americanas apresentavam uma associação negativa entre a forma das asas e inversões stan-

dard. Na geração mais avançada todas as populações Europeias apresentavam uma associação

positiva entre o tamanho e as inversões standard. Isto sugere que a associação entre inversões

e as caracterı́sticas das asas pode ser generalizada dentro do mesmo continente, mas no caso

do tamanho, pode evoluir num novo ambiente. As mudanças temporais na associação com o

tamanho poderão dever-se a mudanças evolutivas paralelas, consistentes entre populações, no

conteúdo genético das inversões. A ausência de associação ou a presença de sinal oposto ao

cline, indica que não é possı́vel prever a variação clinal em caracterı́sticas morfológicas a partir

da sua associação intrapopulacional com inversões, sugerindo que, pelo menos no presente, a

manutenção dos clines de tamanho e forma das asas não é devida a associações com inversões
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cromossómicas.

Nesta tese demonstra-se que 1) Existe diferenciação inicial entre populações de Drosophila

subobscura em várias caracterı́sticas fenotı́picas (fecundidade, resistência à inanição e tamanho),

na resposta plástica térmica de caracterı́sticas dos adultos e nas frequências de inversões cro-

mossómicas; 2) A adaptação prévia a diferentes ambientes não constrange a resposta plástica

no laboratório; 3) Efeitos de gargalo (aleatórios) durante a colonização levaram a diferentes

associações entre caracterı́sticas das asas e inversões cromossómicas entre a Europa e o Novo

Mundo; 4) De um modo geral as associações genéticas são estáveis dentro do mesmo continente,

contudo a evolução num novo ambiente pode levar a mudanças na associação entre tamanho

das asas e inversões cromossómicas; 5) A plasticidade não desaparece durante a adaptação a

um ambiente estável, sugerindo que não há custos elevados na manutenção desta no ambiente

laboratorial; 6) A diferenciação histórica não constrangeu a adaptação a um novo ambiente, pelo

menos ao nı́vel fenotı́pico; e por último 7) O papel da história, do acaso e da selecção varia con-

soante o nı́vel biológico e as caracterı́sticas estudadas. Nomeadamente a história apresenta um

papel mais forte a nı́vel cariotı́pico, enquanto que a selecção ao nı́vel fenotı́pico tem um papel

predominante, levando à convergência rápida para um mesmo pico adaptativo.

No balanço desta tese, verifica-se que a adaptação foi preponderante, apagando o efeito

da história durante a evolução das caracterı́sticas fenotı́picas mais relevantes para a fitness. Este

estudo sugere também que a evolução num ambiente estável não leva a uma depleção da variação

genética, que poderia constranger a resposta a novos desafios ambientais. Também demonstra

que a adaptação é um balanço fino entre a selecção, o acaso e a história e que é preciso com-

preender melhor o papel de cada uma destas forças para perceber como se processa a evolução

em novos ambientes. Este estudo alerta ainda para a necessidade de precaução ao extrapolar-se

padrões evolutivos e adaptativos a partir de observações de um único nı́vel biológico ou ca-

racterı́stica. Em termos de aplicabilidade na área da Conservação, realça-se a importância de

analisar vários nı́veis biológicos e caracterı́sticas para compreender melhor as consequências da

exposição de populações a ambientes uniformes.
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1 Introduction

“Why do you go away? So that you can come back. So that you can see the place you came from with new eyes

and extra colors. And the people there see you differently, too. Coming back to where you started is not the same

as never leaving.”

– Terry Pratchett, A Hat Full of Sky
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CHAPTER 1

Introduction

1.1 Evolutionary Biology – main questions

Evolutionary biology encompasses the study of mechanisms underlying evolutionary pat-

terns and processes, having as main goal to integrate evolutionary knowledge within and across

levels of biological organization (Losos et al., 2013). Adaptation is a key process in evolu-

tionary biology, since it allows individuals to cope with ecological and environmental changes.

Fundamental to the adaptive process is natural selection, that leads to a consistent and gradual

increase in fitness of populations (Futuyma, 2005). Therefore, under the common field of evo-

lutionary biology, you can find questions such as: Is evolution predictable or repeatable? How

constrained is adaptation? Are there limits to selection? What processes allow for genetic vari-

ation to be maintained or created, and which factors can constrain it? What is the genetic basis

of adaptation? Does adaptation involve single genes with major effect, or multiple genes with

small effect? Does adaptation occur steadily through time, or has it a faster pace in the begin-

ning and then slows down? Which traits are related with reproductive success and how did its

underlying variation and correlations arise? What are the mechanisms that mediate life-history

plasticity? How do trade-offs shape adaptation and the ability of species to withstand different

environments? (Stearns & Hoekstra, 2000; Futuyma, 2005, 2010; Lenormand et al., 2009; Flatt

& Heyland, 2011).

One of the hot topics in modern Evolutionary Biology concerns how can species adapt

to environmental changes and what will be the effects that these changes have on biodiversity,

species distribution, ecosystems, etc. (Losos et al., 2013). In light of this, it is of vital impor-

tance to understand which traits, either at the phenotypic or genetic level, constrain or modify the

adaptive potential of populations (Hoffmann & Willi, 2008). It is also important to understand

which mechanisms and forces are involved in determining the adaptive potential of populations

(Hoffmann & Willi, 2008; Harrisson et al., 2014). One of the most powerful experimental ap-

proaches to study evolutionary patterns and processes is Experimental Evolution, which allows

seeing real-time evolution happening in controlled environments.
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1.2 Experimental Evolution – concepts and studies

The main objective behind Experimental Evolution is to see evolution happen in real time

and empirically test theoretical models, concerning patterns and processes involved in adaptation.

The reasoning behind this approach is simple: replicated populations are introduced in a new

environment and their evolution is followed throughout time (Matos et al., 2002; Fuller et al.,

2005; Simões et al., 2009; Kawecki et al., 2012; Magalhães & Matos, 2012). Changes in the

performance of these populations can be assessed comparing them with control populations. In

studies of adaptation to novel environments (Matos et al., 2002; Simões et al., 2008b, 2009) or

reverse evolution (e.g. Teotónio & Rose, 2000), controls may be the populations already adapted

to the environment where the new populations are introduced. More commonly found in the

literature are studies of divergent selection, where the controls represent the ancestral state of the

experimental populations to which a new selective treatment is imposed (Kawecki et al., 2012).

Control populations can also be used to remove environmental variance, which is not controlled

by the experimenter (Matos et al., 2002; Fuller et al., 2005; Simões et al., 2008b). In all cases

it is essential to have replicated populations, e.g. to disentangle chance events occurring during

adaptive process from the work of selection, thus testing evolutionary repeatability (Garland &

Rose, 2009; Kawecki et al., 2012).

Which organism to use in an experimental evolution study depends mostly on the questions

we want to address. Asexual organisms, such as bacteria, virus and unicellular fungi or algae, are

widely studied due to several characteristics that make them particularly suited to experimental

studies (Elena & Lenski, 2003; Garland & Rose, 2009; Kawecki et al., 2012). However, lack

of sexual reproduction limits which questions can be addressed with these studies, namely those

related to initial standing genetic variation, sexual reproduction and selection, parental care and

speciation. Sexual organisms used in experimental evolution share some traits with microorgan-

isms that make them amenable to experimentation. Namely, most have short generation time,

small size and they are easy to maintain and manipulate, and some of them present a large vol-

ume of data available both at phenotypic, genetic and genomic level (Futuyma, 2005; Kawecki

et al., 2012). Though most sexual organisms cannot be cryopreserved, contrary to asexual, some
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organisms such as Caenorhabditis elegans, Saccharomyces cerevisiae (sexual phase), can be

stored and posteriorly revived. Other sexual model organisms used in experimental evolution are

several Drosophila species, Arabidopsis thaliana, Daphnia spp., Poecillia reticulata and Mus

musculus, among others (Garland & Rose, 2009; Kawecki et al., 2012).

Experimental evolution studies can also be divided concerning the environment where

those experiments take place: laboratory or field. In laboratorial environments the experimenter

usually imposes a selection regime, with controlled conditions, and performs periodic assess-

ments of changes in phenotypic or genetic traits of interest (Barrick & Lenski, 2013). The evolu-

tionary dynamics of the populations in the new environment will be the interplay between natural

selection and several other processes, e.g. drift, mutation, etc. Field experiments are less com-

mon, since it is far more difficult to control environmental factors or interspecific interactions

in the wild and therefore the experiments may easily fail, e.g. in case of extinction, or natural

disaster occurrence (Rose & Lauder, 1996; Kawecki et al., 2012).

As with every methodology, Experimental Evolution has some caveats and limitations.

These are usually by-products of laboratory evolution, although some can also be found in field

experiments. Namely, cryptic selection for traits not directly tested, inbreeding depression - if

population size is not kept high throughout the experiment - and also unanticipated genotype-

by-environment interactions during adaptation to a new environment, may lead to unexpected,

and hard to explain, results (Rose & Lauder, 1996). Moreover, due to the particular conditions

to which populations are subjected in laboratorial environments, the ability to extrapolate to nat-

ural conditions is limited (Kawecki et al., 2012). However, Experimental Evolution continues

to be one of the most powerful tools to study the evolutionary potential of populations. Com-

bined with other approaches, such as the study of additive genetic variance-covariance matrices,

next-generation sequencing and modelling, experimental evolution allows to link microevolu-

tionary processes and patterns, in order to disentangle the mechanisms underlying adaptation

and biodiversity in general (Magalhães & Matos, 2012).

Experimental Evolution has been used to tackle several different questions, however in the

next section I will focus specifically on studies using this approach to understand the role of

History, Chance and Selection during adaptation.
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1.3 History, Chance and Selection during adaptation

Adaptation to new environments involves a tug of war between deterministic and stochastic

processes. In order to better understand the mechanisms underlying adaptation it is fundamental

to assess and comprehend the role of History, Chance and Selection during this process. Several

studies have addressed this issue from the phenotypic to the genomic level (Travisano et al.,

1995; Teotónio & Rose, 2000; Joshi et al., 2003; Collins et al., 2006; Blount et al., 2008; Keller

& Taylor, 2008; Keller et al., 2009; Melnyk & Kassen, 2011; Weese et al., 2012; Flores-Moya

et al., 2012; Bedhomme et al., 2013; Zueva et al., 2014; Spor et al., 2014). In general, when

populations are adapting to a new environment these forces will have different contributions to

the adaptive process and may constrain (History), add a stochastic element (Chance) or promote

adaptation (Selection). Moreover, the relative roles of such processes may not be independent,

e.g. in Blount et al. (2008) it was an interaction between historical contingency and chance that

potentiated an adaptation of an Escherichia coli population to a new unsuitable environment. In

general we can say that Historical effects can be due to past evolutionary history of populations.

This encompasses both historical effects of evolving in contrasting environments and effects of

different ancestry levels. In the first case historical differences will be due to selective events

during adaptation to different environments. In the second case, historical differences can arise

from past chance events, for example differences between populations from different refuges

during the glacier era (Keller & Taylor, 2008) or differences in long-term replicate populations

during experimental evolution (Joshi et al., 2003). Chance effects, on the other hand, will affect

adaptation through random mutations, genetic drift, founder events, and bottlenecks (Lenormand

et al., 2009). Selection will depend on standing genetic variation, promoting response from traits

directly or indirectly related to fitness (Barrett & Schluter, 2008; O’Donnell et al., 2014), new

beneficial mutations (Travisano et al., 1995; Bataillon et al., 2011) or both (Durand et al., 2010).

The shape of fitness landscapes governs the relative roles of History, Chance and Selection

during evolution (Gavrilets, 2010), influencing the outcome of adaptation. On one hand, History

will have a more preponderant role on which peak a population climbs during adaptation in

rugged landscapes. On the other hand, in smooth fitness landscapes a similar outcome may
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happen, regardless of historical constraints or chance events (Whitlock et al., 1995; Svensson &

Calsbeek, 2012). Therefore, while convergent and repeatable evolution is expected in smooth

fitness landscapes, many local optima can coexist in rugged landscapes. This raises the question

whether adaptive convergence is to be expected when we test if evolution is repeatable or not

(Lobkovsky & Koonin, 2012). Despite the importance of this issue there is still much controversy

on the role of fitness landscapes in driving the patterns – convergence or divergence – of adaptive

evolution (Whitlock et al., 1995; Gavrilets, 2010; Svensson & Calsbeek, 2012).

There are several approaches that can be used to study the role of History, Chance and

Selection during Adaptive Evolution (Davison, 2002; Fuller et al., 2005; Keller & Taylor, 2008;

Keller et al., 2009; Weese et al., 2012). One of the best approaches is an experimental approach,

with real-time evolution, where we can directly test the relative strengths of these forces during

adaptation. There have been a considerable number of studies using Experimental Evolution to

tackle this issue. I will focus on some of them below, dividing them in two main categories

pertaining to the reproduction mode of the organisms used: asexual and sexual. The first experi-

mental study, with real-time evolution, that tackled the role of History, Chance and Selection in

adaptation was conducted by Travisano et al. (1995). Using replicated E. coli populations adapt-

ing to a novel environment, they estimated the mean value of two traits: fitness and average cell

size, in the beginning and end of the experiment. This allowed them to calculate the relative role

of History, Chance and Selection in these two time points. This role was different when taking

into account the trait observed, i.e. for fitness, despite an initial historical effect, Selection over-

ruled History. For cell size, a trait weakly correlated with fitness, all three processes had a similar

relative role by the end of the experiment. Other studies in asexual organisms have also observed

the preponderant role of History in traits more weakly related with fitness (Flores-Moya et al.,

2012). It has also been observed that the role of History is more preponderant at the genetic level

(Blount et al., 2008; Bedhomme et al., 2013). In fact, historical contingencies can arise due to

the effect of presence/absence of specific alleles that will affect the evolutionary paths taken, but

may not hamper on convergence to a similar phenotype (e.g. Dettman et al., 2012). Therefore, it

is expected that History‘s footprint will be more often found at the genetic, than phenotypic level

(Spor et al., 2014). But there are exceptions. Collins et al. (2006) performed an experiment using
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Chlamydomonas reinhardtii populations adapted to a high CO2 level and introduced in ancestral

levels of CO2 (high and low). They found that, at a large evolutionary scale, Ancestry and Chance

(namely the founder effect) might play a major role in defining some responses to Selection: in

this case, the growth rate of populations after selection to low CO2. In another experiment with

asexual organisms, Spor et al. (2014) evolved differentiated Saccharomyces cerevisiae popula-

tions in several environments to test for the role of history and selection during adaptation to new

environments. Despite the fact that convergence was, in general, observed at the phenotypic and

genetic level, leading to convergence within each environment, the influence of initial genotypes

still remained. For sexual organisms, direct experimental evidence is more reduced. Joshi et al.

(2003) performed an experiment to test the role of History, Chance and Selection in adaptation.

They placed Drosophila melanogaster populations previously adapted to different conditions of

larval crowding in environments with low or high food level, letting these populations evolve

in the new regimes. In this experiment the contribution of History was assessed in two levels:

Ancestry (differences between replicates, descendant from the ancestral replicates) and Past Se-

lection (differences between the previous selective regimes of larval crowding in the same food

level). Similarly to Travisano et al. (1995), the authors assayed two traits with different rela-

tions with fitness, larval feeding rate and pupation height (the later not presenting differences

between ancestral populations). They observed that despite initial differentiation in larvae feed-

ing rate, there was convergence in each environment for this trait, with almost no contribution

from Chance or History. For pupation height, differences were only found between individuals,

with a very weak contribution of Ancestry, suggesting that during this experiment, the forces

studied had no effect for this trait.

Another experiment, which was done by Teotónio & Rose (2000), tested the role of His-

tory, Chance and Selection by performing a reversal experiment. For that they used several D.

melanogaster populations differentiated by numerous selection regimes, imposed on common

ancestral populations, in the Rose Lab (accelerated development, starvation resistance, reproduc-

tion at late life and reproduction at mid-life) and reintroduced them in the ancestral environment.

This experiment showed that evolutionary reversal occurred, but it was contingent on the past

selective regime and the analyzed trait. To clarify if Past Selection prevented full reversion due
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to fixation of alleles, linkage disequilibrium or epistasis, they also analyzed the reverse evolution

of hybrid populations. However, no differences were found between the evolutionary trajecto-

ries of hybrids and parental populations, so limitations in the reversal of populations were not

linked to any of the reasons mentioned above. In this experiment, despite a pervasive effect of

Selection in traits more closely related to fitness, History played a role that varied with traits and

past selective environment. Namely, reversion was dependent on the relationship between the

assayed trait and fitness in the previous regime. Recently, Teotónio et al. (2009) studied these

same populations at the genetic level. They followed the changes in frequency of several SNPs

and characterized allelic diversity for each population. Although these populations reversed to

ancestral fitness values, alleles showed only partial return to ancestral values. Again, as referred

above, these results are in accordance with expectations that phenotypic convergence will be

obtained more easily than convergence at the locus or nucleotide level (Dettman et al., 2012).

Up until now, all these studies show, in general, that 1) the role of History, Chance and

Selection is contingent upon the studied trait, 2) Selection and History have different effects

according to the organism level studied, with the role of selection being more pervasive in phe-

notypic traits.

1.4 Chromosomal Inversion Polymorphisms

1.4.1. What are Chromosomal Inversions?

Chromosomal inversions occur naturally in several species and have been widely studied

(Hoffmann et al., 2004; Hoffmann & Willi, 2008). A chromosomal inversion occurs when a

break in two different points of the chromosome occurs and the resulting segment is reinserted

in reverse orientation (Griffiths et al., 2000; Hoffmann et al., 2004; Casals & Navarro, 2007;

Kirkpatrick, 2010). Depending on the inversions location they can be classified as paracentric -

if only one chromosomal arm is affected, not involving the centromere; or pericentric - if both

arms and the centromere are affected (Griffiths et al., 2000; Hoffmann et al., 2004). Pericentric

inversions have, more commonly, fitness costs, since the gametes in heterokariotypes are many

times unbalanced, while paracentric inversions do not, making them more common (Kirkpatrick,
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2010). Recombination within inversions is highly diminished (Dobzhansky & Epling, 1948;

Hoffmann et al., 2004; Hoffmann & Willi, 2008) mostly due to two mechanisms: elimination of

crossover products in the inversion loop, and pairing inhibiting in the inverted region (Griffiths

et al., 2000; Hoffmann et al., 2004). Due to diminished recombination, inversions have been

studied as possible factor in establishing genetic isolation between populations or species, by

decreasing fitness of heterozygotes (Rieseberg, 2001; Hoffmann & Willi, 2008). On the other

hand their evolutionary importance might be related with reduced recombination or because they

can capture local adapted alleles (Hoffmann & Willi, 2008; Kirkpatrick, 2010). I will present

several models that try to explain the maintenance of inversion polymorphism.

1.4.2. Hypotheses for the Maintenance of Inversion Polymorphisms

There are several theories that try to explain how inversion polymorphisms are maintained

in most species: (I) inversions reduce recombination and are maintained due to epistatic inter-

actions; (II) inversions reduce recombination and are maintained due to local selection; (III)

inversions themselves are directly under selection; (IV) inversions are neutral; and finally (V)

overdominance, due to alternate fixation of deleterious alleles in heterokaryotypes (Hoffmann &

Willi, 2008). Of the five hypotheses described above I will focus in more detail the Co-adapted

gene complex hypothesis (sensu Dobzhansky) and the Local adaptation hypothesis (sensu Kirk-

patrick and Barton), since these hypotheses are the most widely considered in the literature to

explain inversion polymorphisms and their maintenance in latitudinal clines.

The Co-adaptation hypothesis was first proposed by Dobzhansky in 1949 using popula-

tion cages of Drosophila pseudobscura founded from different natural populations (Dobzhan-

sky, 1949, 1950; Hoffmann & Willi, 2008). He observed that heterozygous individuals, with the

same natural origin, presented superior adaptive ability (heterosis) in relation to homozygotes,

while the inverse scenario arose in cages with populations with mixed origin (Dobzhansky, 1949,

1950). Dobzhansky proposed that this was due to the fact that inversions with the same origin

would carry complexes of linked genes that would be transmitted along generations, without

recombination (supergenes). For each geographical region, the combination of alleles between

a chromosomal arrangement and its inverted counterpart would produce highly fit individuals.
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But this effect was broken when the two chromosomes had different origins. In summary, the

coevolution of different gene arrangements within a population led to the coadaptation of their

allelic content, with epistatic effects contributing to the formation of complexes of supergenes

(Álvarez Castro & Carlborg, 2008).

Kirkpatrick and Barton proposed the Local Adaptation hypothesis in 2006 (Kirkpatrick &

Barton, 2006). These authors suggested that an inversion could appear and spread as long as it

possessed locally adapted alleles of at least two loci inside it. The inversion would thus appear

as a protection against recombination between individuals with locally adapted alleles and the

less fit migrants. The initial premise of this hypothesis is that different genes will be favored in

different environments. An inversion that captures locally adapted alleles will spread with more

ease than the ancestral karyotype, that will have an admixture of locally adapted and mal adapted

alleles (Kirkpatrick & Barton, 2006; Kirkpatrick, 2010). Therefore, no epistatic interactions are

necessary in order for the inversion to gain an advantage (Kirkpatrick & Barton, 2006; Hoffmann

& Willi, 2008; Kirkpatrick, 2010). There are several studies that aim at understanding which of

these hypotheses best describes the maintenance of inversion polymorphisms, however there

is still much controversy, with studies supporting the coadaptation hypothesis ( e.g. Santos,

2009; Kennington & Hoffmann, 2013) while others, mostly molecular, find evidence against

it (e.g. Lowry & Willis, 2010; Simões et al., 2012; Pegueroles et al., 2013). One possible

approach is following the evolutionary changes in inversion frequencies during the adaptation

to a new environment of populations historically differentiated (see below). Similar patterns of

inversion frequency changes between distinct populations will suggest similar genetic content.

On the other hand, non-convergence of inversion frequencies may imply different genetic content

between populations.

1.4.3. Clinal Variation and Inversion Polymorphisms

A cline is a gradual change in a measurable character, phenotypic or genetic, through-

out a geographic range (Endler, 1977; Futuyma, 2005). Clines are among the most appealing

phenomena to study, since they represent the pervasive work of natural selection over a large

geographical scale (Santos et al., 2006). Moreover clines also provide evidence of associations
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between an environmental gradient of a selective agent and a phenotype, allowing us to address

questions such as, how predictable are evolutionary responses to a known environmental varia-

tion (Pitchers et al., 2013).

There are several hypotheses for the formation and maintenance of clinal variation. These

can form due to contact between populations that were already differentiated (due to contrast-

ing histories, chance events or selection), or by spatial differences in selective environments of

continuous populations (Endler, 1977). It is thought that the most common case is the latter, in

which clines are maintained, despite the presence of gene flow, due to strong selection, leading

to local adaptation – i.e. populations evolve traits that provide an advantage under local envi-

ronmental conditions, regardless of the fitness consequences in other habitats (Kawecki & Ebert,

2004). This is the case when populations adapt to a selective pressure that varies geographically,

leading to clinal variation. Latitudinal clinal variation has been documented in several traits and

in several species across many taxa – particularly plants (Koornneef et al., 2004; Körner, 2007;

Alberto et al., 2013), vertebrates (Meiri et al., 2007; Antoniazza et al., 2010) and more com-

monly arthropods (Huey et al., 2000; Hoffmann et al., 2004; Hoffmann & Willi, 2008; Pitchers

et al., 2013; Rajpurohit & Nedved, 2013). Clinal variation in inversions is also pervasive across

species (Hoffmann et al., 2004; Hoffmann & Willi, 2008; Ayala et al., 2011), with special em-

phasis in several Drosophila species (Anderson et al., 1991; Hasson et al., 1995; Ananina et al.,

2004; Etges & Levitan, 2004; Hoffmann et al., 2004; Balanyà et al., 2006; Hoffmann & Weeks,

2007).

One of the main selective agents that are thought to play a role in clinal variation is tem-

perature (Santos et al., 2004, 2005; Meiri et al., 2007). For latitudinal clines extensive work has

been done trying to understand if this factor is behind clinal variation. This subject can be tack-

led in several ways. One of the most common is to test if temperature related traits (knockdown

resistance to heat and cold for example - Angilletta, 2009) or other phenotypic or genotypic traits

(Hoffmann et al., 2004; Hoffmann & Weeks, 2007; Arthur et al., 2008) vary across populations

along a cline. For example clinal variation in Drosophila melanogaster was observed at both

phenotypic level (e.g. body size, development time, starvation, heat and cold resistance) and

at the genetic level (allozyme, DNA and inversion polymorphism) (Hoffmann & Weeks, 2007).
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Another test is to evaluate the experimental response of different populations to a thermal selec-

tive regime. Santos et al. (2004, 2005, 2006) performed such an experiment, with Drosophila

subobscura populations, with a single origin, selected for three different temperatures (see sec-

tion 1.6 – Drosophila subobscura as a model organism, for more details). They observed, that

at least for D. subobscura, temperature was not the main selective agent responsible for clinal

variation in chromosomal inversion polymorphism (Santos et al., 2005). However, temperature

may indirectly lead to clinal patterns, affecting factors such as larval crowding, humidity, food

availability, behavior, etc. (Hoffmann et al., 2004; Santos et al., 2006; Hoffmann & Willi, 2008).

1.4.4. Genetic associations between Wing-Size/Shape and Chromosomal Inversions

Genetic correlations can have a big impact on evolutionary change, since pre-existing

pleiotropic or developmental relationships across traits may constrain adaptation to environmen-

tal challenges (Conner & Via, 1993). However, little is known on the mechanisms underlying

genetic correlations and to what extent are they stable in the wild and in new environments (Phe-

lan et al., 2003). Since chromosomal inversions are pervasive across species and present clinal

variation in natural populations (Hoffmann & Willi, 2008), there are several studies focusing on

genetic associations between inversion polymorphisms and phenotypic traits. There are a high

number of studies in ectotherms, such as Drosophila, relating wing traits and inversions (Ruiz

et al., 1991; Orengo & Prevosti, 2002; Weeks et al., 2002; Fernández Iriarte et al., 2003; Yadav

& Singh, 2003; Rako et al., 2006; Hatadani & Klaczko, 2008). This is because well-established

clines for both wing-traits and inversion polymorphisms are present in natural populations (Hoff-

mann et al., 2004; Hoffmann & Willi, 2008). In Drosophila melanogaster a tight association

between inversion In(3R)Payne and body size was found (Weeks et al., 2002), explaining the

clear latitudinal variation observed for body size. In fact Kennington et al. (2007) found multiple

genomic regions inside In(3R)Payne controlling size, favoring the hypothesis that this inversion

has maintained locally adapted alleles that contribute to higher size in populations with a higher

frequency of this inversion. In D. mediopunctata, Hatadani & Klaczko (2008) found that specific

inversions were associated with smaller/larger wing size. These authors also found that non-

allometric changes in wing shape in this species were influenced, not only by inversion but also
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by Karyotype x Temperature interactions. Another example of the effect of chromosomal inver-

sions in wing size and shape can be found in D. buzzatii, which presents clinal and latitudinal

variation for inversion polymorphisms frequencies (Fernández Iriarte et al., 2003). Orengo &

Prevosti (2002) also found an association between size and inversion polymorphisms in a natural

D. subobscura population. However, as the removal of possible maternal effects from nature

was not assured, the conclusions obtained from this study cannot be generalized. In a study with

thermal selection for three different temperatures, Santos et al. (2004, 2005) did not find such an

association between wing size and inversions, but did so for wing shape (Santos et al., 2005) (see

section 1.6 – Drosophila subobscura as a model organism for more details). Another interesting

experiment to perform would be to see if chance (colonizing) effects – such as those that lead to

the appearance of D. subobscura in the South American continent – affect the genetic correla-

tions between inversions and wing traits (see chapter 5 – Fragata et al., 2010). Moreover, despite

all the studies aiming to understand the association between inversion polymorphisms and wing

traits, it is still unknown how genetic correlations evolve during adaptation to a new environment

and what is their role in it.

1.5 Phenotypic Plasticity, Trade-offs and the Evolution of Thermal Plasticity

In natural environments conditions are often heterogeneous and the ability to maximize

fitness under such conditions is crucial in order for organisms to survive (Hoffmann & Willi,

2008; Alberto et al., 2013; Schou et al., 2015). Phenotypic plasticity is the ability of organisms

to express phenotypes according to the abiotic or biotic factors that surround them (Via et al.,

1995; Dewitt, 1998; Agrawal, 2001; de Jong, 2005; Pigliucci, 2005; Garland & Kelly, 2006;

Valladares et al., 2006; Auld et al., 2010; Murren et al., 2015). Therefore it is a key trait that

shapes the ability for populations to evolve under changing environments, allowing organisms to

maximize their fitness in different ecological scenarios (Via et al., 1995; Dewitt, 1998; de Jong,

2005; Pigliucci, 2005; Garland & Kelly, 2006). Moreover, plasticity can also buffer the costs of

selection in a new environment, promoting adaptation (Pigliucci et al., 2006; Ghalambor et al.,

2007; Murren et al., 2015). In that sense, it is important to study plasticity not only as character

state across environments, but also as a trait (Via et al., 1995; de Jong, 2005; Auld et al., 2010;
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Murren et al., 2015), with limits and costs to its evolution (Dewitt, 1998; Auld et al., 2010;

Murren et al., 2015).

Evolution of plasticity is expected to occur in either temporal or spatial heterogeneous

environments (Kassen, 2002; Garland & Kelly, 2006; Auld et al., 2010; Murren et al., 2015),

provided that there are reliable clues from the environment, genetic variance in the population

and that the plastic genotype confers some fitness (Dewitt, 1998; Garland & Kelly, 2006; Gha-

lambor et al., 2007; Auld et al., 2010; Murren et al., 2015). However, limits such as correlation

between traits, lack of genetic variation or ecological or historical constraints to plasticity may

hamper the evolution of this trait (Dewitt, 1998; Auld et al., 2010; Murren et al., 2015).

When adapting to a homogeneous environment, the expectations of how plasticity will

evolve are dependent on whether there are costs of presenting a plastic genotype (Dewitt, 1998;

Garland & Kelly, 2006; Auld et al., 2010; Murren et al., 2015). These costs are more commonly

studied through the presence of trade-offs between traits or environments, which may lead to the

fitness difference between a plastic phenotype and a non-plastic phenotype in the same environ-

ment (Dewitt, 1998; Garland & Kelly, 2006; Auld et al., 2010; Murren et al., 2015). A trade-off

may be due to a negative association between two traits in a given environment, affecting the

fitness of a genotype, and preventing these traits from evolving independently. But it can also

refer to the different performance of a single trait across environments (Angilletta et al., 2003;

Kawecki & Ebert, 2004; Garland & Kelly, 2006; Auld et al., 2010). Trade-offs can be classified

taking into account the physiological and behavioural processes occurring during the life of an in-

dividual: 1) Allocation or Life-History trade-offs – usually the by-product of more than one trait

sharing the same limiting resource; 2) Acquisition trade-offs – relating to the balance between

maximizing resources and minimizing the risk of mortality (Angilletta et al., 2003; Agrawal

et al., 2010); and 3) Specialist-Generalist trade-offs. This last trade-off corresponds to either a

good general performance on different environments (generalist) vs. a maximum performance on

one specific environment at the cost of performance in others (specialist) (Angilletta et al., 2003;

Kawecki & Ebert, 2004; Garland & Kelly, 2006; Agrawal et al., 2010). Nevertheless, most em-

pirical studies have only found support for the evolution of generalists, particularly in fluctuating

environments (Angilletta et al., 2003; Angilletta, 2009; Auld et al., 2010; Murren et al., 2015).
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It is important to take into account that the detection of trade-offs may not be straightforward

and that these may be condition dependent and only found when evolution occurs on stressful

environments or when multi-trait reaction norms are studied (Angilletta et al., 2003; Ghalambor

et al., 2007; Auld et al., 2010; Berger et al., 2014; Murren et al., 2015).

Recent events of climate change, mainly characterized by global warming, have led to

an increase in studies of plasticity, given the urgency to predict species responses (Valladares

et al., 2006; Hoffmann & Willi, 2008; Alberto et al., 2013). Temperature plays a major role in

the geographical distribution of ectothermic species. In fact, considerable genetic variation ex-

ists between and within species to tolerate different temperature ranges (Angilletta et al., 2002,

2003; Angilletta, 2009; Chown & Gaston, 2010). In ectotherms, temperature has two impor-

tant effects: it affects development and growth rate, and affects the final size of the individual

(Angilletta et al., 2003; Kingsolver et al., 2004). How distinct thermal environments affect ec-

totherm performance has been studied through both theoretical and empirical approaches. The

most common theoretical models include the “Hot vs. Cold”, “Jack of all temperatures is a master

of none” and “Hot is better” hypotheses (Huey & Hertz, 1984; Huey & Kingsolver, 1989, 1993;

Angilletta et al., 2003; Angilletta & Sears, 2004; Angilletta, 2009). Both the first and second

hypotheses correspond to specific cases developed for thermal performance of the generalist vs.

specialist trade-offs. In the “Hot vs. Cold” model, it is expected that organisms adapted to either

cold or warm environments will have a lower performance on the converse environment (thermal

specialists) (Angilletta, 2009). The “Jack of all temperatures is a master of none” is a specific

case of the thermal generalist, predicting that a trade-off will occur between maximum perfor-

mance in a thermal gradient and the breadth of temperatures where the organism can survive

(Huey & Hertz, 1984; Huey & Kingsolver, 1989; Angilletta, 2009). All of these models have as

underlying assumption that thermal performance will be highly constrained by the configuration

and stability of enzymes (Somero, 2004; Angilletta, 2009).

Several empirical studies have characterized the evolution of thermal plasticity. One of

the most common empirical approaches is the study of thermal reaction norms (Angilletta et al.,

2003; Valladares et al., 2006; Angilletta, 2009). Thermal reaction norms describe the relation-

ship between temperature and a phenotypic trait (Angilletta et al., 2003; Valladares et al., 2006;
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Angilletta, 2009) and often incorporate multi-trait trade-offs (Berger et al., 2014). One type of

study that can provide valuable insight is the characterization of thermal reaction norms of popu-

lations across a latitudinal cline, or from different climate zones (Van’t Land et al., 1999; Trotta

et al., 2006; Yamahira et al., 2007; Liefting et al., 2009; Berger et al., 2013; Klepsatel et al.,

2013; Fallis et al., 2014; Phillips et al., 2014). In this case, prior expectations include local adap-

tation in each environment and that temperature varies across latitude or climate zones (Trotta

et al., 2006; Berger et al., 2013; Klepsatel et al., 2013; Fallis et al., 2014). Results have not been

consistent between studies or traits, with some authors observing specialist patterns from differ-

ent geographic areas (Van’t Land et al., 1999; Liefting et al., 2009; Fallis et al., 2014; Phillips

et al., 2014); others reporting absence of specialists, with all populations presenting similar per-

formance (Trotta et al., 2006; Klepsatel et al., 2013), and still others observing the occurrence

of superior genotypes, with one population having a better performance across temperatures

(Yamahira et al., 2007; Berger et al., 2013).

Another empirical approach that can be used to study the evolution of thermal plasticity is

to evolve populations in stable and fluctuating environments and test if specialists or generalists

evolve (Ketola et al., 2013; Berger et al., 2014; Condon et al., 2014, 2015). Such experimental

evolution studies have found that either generalists or superior genotypes emerged from evolu-

tion in a heterogeneous environment (Kassen, 2002; Ketola et al., 2013; Condon et al., 2014,

2015), but only few observed the emergence of specialists (Berger et al., 2014). Additionally,

Santos et al. (2006) found that D. subobscura populations selected for different temperatures

(13oC, 18oC and 22oC) presented, as expected, higher wing size and development time in cold

environments, irrespective of the selection regime. The authors also found that, at the same

development temperature, no differences were found for wing size between the warm or cold

selective regimes. Moreover, selection for lower temperatures led to a worse performance in

viability (Santos et al., 2006) and fitness (Santos, 2007) in warm developmental temperatures.

However, no trade-off was found for warm selected lines developing at lower temperatures (see

more details in section 1.6 – Drosophila subobscura as a model organism). Therefore, it seems

that evolution in cold environments leads to costs in fitness when these populations face hot

environments, but evolution in warm environments does not present costs at other temperatures.
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Despite the abundance of experiments studying how plasticity evolves and if historical

differences lead to differences in reaction norms, few studies integrate both perspectives. What

is lacking is a study that aims to understand the role of History, Chance and Selection in the

ability to cope with different environments and follow the evolution of reaction norms throughout

adaptation to a new environment.

1.6 Drosophila subobscura as a model organism

Drosophila subobscura provides one of the most convincing examples of the adaptive value

of clinal variation (Santos et al., 2005). This species initially presented a Palearctic distribution

with clinal variation documented for both chromosomal inversion polymorphisms (Krimbas &

Loukas, 1980; Krimbas, 1992; Menozzi & Krimbas, 1992) and wing size (Prevosti, 1955; Misra

& Reeve, 1964; Pfriem, 1983). Recently, it was found that it had colonized South America

and North America (Brncic et al., 1981; Prevosti et al., 1988). Moreover, clines similar to the

ancestral (European) populations were found in both continents, first for chromosomal inversions

(Prevosti et al., 1985; Balanyà et al., 2003; Rezende et al., 2010) and afterwards for wing size and

shape (Huey et al., 2000; Calboli et al., 2003; Gilchrist & Huey, 2004). However the magnitude

of the New World (America) clines did not fully converge to those of the Old World (European)

populations (Santos et al., 2005; Rezende et al., 2010). Moreover the mechanisms through which

wing size clines evolved in the Old and New World seem to differ: either in cellular size or

number (Calboli et al., 2003) or the segment that originates the higher wing size leading to a

change in the clinal pattern for wing shape (Huey et al., 2000).

Furthermore, it has been shown that the clinal variation in inversion polymorphisms is re-

sponding to climate warming. Rodrı́guez-Trelles & Rodrı́guez (1998) studied the evolutionary

trends of four inversions in the O chromosome during 16 years in a Spanish wild population. The

authors observed that the frequency of the OST inversion (cold-adapted – Menozzi & Krimbas,

1992) had declined significantly through time, correlating with the rise of temperature, whereas

the O3+4 inversion frequency (warm-adapted – Menozzi & Krimbas, 1992) showed an inverse

pattern, with a frequency increase correlated with higher temperature. Interestingly, both in-

versions show a pronounced variation during seasons, with OST declining in summer and O3+4
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being the second inversion with highest frequency during the summer (Rodrı́guez-Trelles et al.,

1996). Moreover, these inversions present steep clinal variation, being present in high frequency

in northern (in the case of OST) or southern (in the case of O3+4) populations (Balanyà et al.,

2003). More recently, Balanyà et al. (2006) sampled in different years, several locations in Eu-

rope, North and South America across the latitudinal cline. This study showed that the signature

observed in the O chromosome, was present in several of the other D. subobscura chromo-

somes and it was happening in the three continents. Namely, the authors correlated the changes

detected in chromosomal polymorphisms frequencies with the temperature changes across the

globe. Other studies done by Rodrı́guez-Trelles et al. (1996, 2013) also showed that inversion

polymorphisms frequencies respond to seasonal variation (Rodrı́guez-Trelles et al., 1996), and

extreme temperature events, such as heat waves (Rodrı́guez-Trelles et al., 2013). Additionally,

Rego et al. (2010) showed that flies carrying cold-adapted inversions presented lower thermal

tolerance and preferred lower temperatures, indicating a possible genetic association between

inversion polymorphisms and heat tolerance and preference. In fact, behavior thermoregulation

(such as thermal preference) seems to be involved in the recent disappearance of clinal variation

in inversion frequencies in South America (Castañeda et al., 2013).

As mentioned in the previous section, Santos et al. (2004, 2005, 2006); Santos (2007)

performed a thermal selection study with D. subobscura populations, in order to test if differ-

ent selective temperatures produced similar phenotypic and genotypic differentiation, such as

the one observed in natural clines. For that they founded in the laboratory a population derived

from Puerto Montt (the inferred source of colonization of the South America continent), and

defined three thermal selection regimes (13oC, 18oC and 22oC). For these three regimes, they

followed the evolution of phenotypic traits (Santos et al., 2004, 2005, 2006), chromosomal in-

version polymorphisms (Santos et al., 2004, 2005), gene expression (Laayouni et al., 2007) and

fitness (Santos, 2007). Some inversions evolved different frequencies according to the thermal

regime (Santos et al., 2005). However the evolutionary trends observed did not mirror the clinal

inversions observed in the New World populations (Balanyà et al., 2003; Santos et al., 2005).

Santos et al. (2006) compared the thermal regimes in several pre-adult traits and found higher

development time for cold selected populations, irrespective of the development temperature.
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Moreover, when testing the performance of each population in other temperatures they found

that the selection for lower temperatures led to lower viability of the cold-adapted lines at the

highest temperature (Santos et al., 2006). A result in the same direction was obtained when test-

ing differences in fitness (Santos, 2007), where cold adapted lines performed worse when tested

in warm environments, but conversely warm adapted lines performed equally well under all tem-

peratures tested. Additionally, considering the clinal variation in these traits, Santos et al. (2004,

2005) studied the association between wing traits (size and shape) and chromosomal inversions.

In general, no consistent association between wing size and inversions were found, suggesting

that inversion and size clines are uncoupled (Santos et al., 2005). On the other hand there was

a negative association between wing shape and standard inversions, in the expected direction of

the North American cline. All in all, these results suggest that, in general, temperature is not

the direct factor causing clinal variation in wing size and chromosomal polymorphisms in D.

subobscura populations (Santos et al., 2005).

A complementary approach that can be used to study the evolution of latitudinal clines, is

to apply the opposite strategy of that used by Santos et al. (2004, 2005, 2006). Instead of using

diverse thermal selective regimes, we can test whether there is evolutionary convergence of natu-

ral populations differentiated in a cline when introduced in a common, laboratorial environment

to which they will likely adapt. This allows us to tackle the more general evolutionary issue of

the effects of Past History on adaptation to a novel environment. It also allows us to understand

the role of uniform Selection at different biological levels (such as phenotype and karyotype) and

the ability of organisms to respond to environmental challenges. Finally it allows to study the

effect of Chance and how it interacts with both History and Selection during colonizing events

and subsequent adaptation. These are some of the questions that I aim to clarify along the several

contributions of this thesis.

Drosophila subobscura has been the model organism used in long-term studies of labora-

tory adaptation using experimental evolution, by the team where this thesis is developed (Matos

et al., 2002, 2004; Simões et al., 2007, 2008a,b; Santos et al., 2012, 2013). The main focus

of those studies was to understand the mechanisms and processes involved in the adaptation to

a new environment, in this particular case, the laboratory. Such studies have involved several
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collections from wild populations in two nearby locations – Adraga (Sintra) and Arrábida, both

in Portugal – throughout the years, and followed the evolutionary trajectories of several pheno-

typic traits (Matos et al., 2002; Simões et al., 2007, 2008b) and microsatellite markers (Simões

et al., 2008a; Santos et al., 2012, 2013). The first studies showed that populations improved in

several life-history traits, such as age of first reproduction and fecundity throughout time in the

lab, but the evolutionary trajectories varied both with the year of foundation (Matos et al., 2002)

and the location (Simões et al., 2007). To tackle whether genetic differentiation might relate

with the differences observed between foundations of different locations, Simões et al. (2008a)

analyzed the microsatellite dynamics during the first 40 generations of laboratory adaptation.

The authors found that, though the evolutionary dynamics of the molecular markers was similar

between foundations, genetic drift was responsible for most of the genetic differentiation ob-

served. To study how much the initial adaptive state and the evolutionary rate were dependent on

year, location and sampling effects, (Simões et al., 2008b) did a meta-analysis, analyzing early

differentiation and evolutionary trajectories of several life-history traits covering the first 14-21

generations after lab foundation. The results indicated significant differences between founda-

tions, variable through space and time. Another finding was that traits with different relations to

fitness can be affected at different degrees by spatial and temporal factors. Thus, despite the per-

vasive role of Selection, contingent evolution was observed, particularly for traits less relevant

to fitness. Nevertheless one cannot discard the possible role of founder events, particularly given

that only in one of the years sampling effects were tested.

In order to understand if the differences observed between foundations by Simões et al.

(2007, 2008a,b) could be caused by founder events during the early stages of the colonization

process, (Santos et al., 2012, 2013) studied the genetic differentiation between foundations us-

ing microsatellite markers, both in the founders, the 3rd generation (Santos et al., 2012, 2013)

and the 14th/15th generation of each population (Santos et al., 2012). The authors observed that

the genetic differentiation across foundations were due to chance events between the founding

and generation three of laboratory evolution. Such events were probably inflated by strong bot-

tlenecks due to differences in performance of founder females, as the populations were mass

bred at the start of founding. Moreover such differences were found to predict the differences
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in the initial rate of adaptation, indicating that in fact the evolutionary contingencies previously

reported were caused by the early phase of the colonization event and not to differences between

source populations (Santos et al., 2012). Several questions stem from the work developed by our

team until now. One of the most direct questions is if evolutionary contingencies would also oc-

cur with a higher initial differentiation between populations. This, on the other hand, leads to the

question of whether convergence would be attained if such differentiated populations (derived

from contrasting latitudes) are subjected to the same selective pressures. And if so, would popu-

lations evolve using similar underlying mechanisms and routes? Would this convergence reflect

at all biological levels, phenotypic (such as life-history traits) and genetic (inversions)? Finally,

since it is known that chromosomal inversions respond to climate change and are correlated

with several phenotypic traits, could colonization events and/or adaptation to new environments

change the genetic association between inversions and phenotypic traits?

1.7 Thesis Outline and main questions

The main goal of this thesis is to contribute to the understanding of the role of History,

Chance and Selection during adaptation to a new environment at different biological levels,

namely phenotypic and karyotypic. For that I study the initial differentiation of Drosophila sub-

obscura populations for several phenotypic traits, inversion polymorphisms and the association

between wing traits and inversions. For some of these populations I then follow their subsequent

evolutionary dynamics during adaptation to a novel, common environment, to assess the impact

of history and chance in adaptive evolution.

In Chapter 1 (Introduction) I provided an overview of the literature pertaining to the dif-

ferent fields explored during this thesis. My main aim was to give a theoretical and empirical

basis for the following chapters. I started with a general introduction to experimental evolution,

followed by empirical studies on the role of different processes during adaptation. Afterwards I

give a general overview on the formation and maintenance of chromosomal inversion polymor-

phisms, and how they can affect adaptation, as well as possible associations between inversions

and phenotypic traits. I also mentioned phenotypic plasticity and its role in adaptation. Finally, I

focused on studies with Drosophila subobscura as a model organism and what is known on this
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species. The following chapters correspond to the original contributions provided by this thesis.

In Chapter 2 the role of History, Chance and Selection during adaptation to the laboratory

environment on life-history, morphological and physiological traits, is analyzed. With that intent

in mind, several populations were founded in the laboratory (using equalization of families and

thus reducing the founder effect), from contrasting locations along the European cline. The

evolutionary dynamics of these populations was characterized during the first 22 generations

of adaptation to the laboratory, for fecundity related traits, starvation resistance and body size.

The discussion of this article focuses on three main questions: Are populations from different

locations in the European cline differentiated for life-history, physiological and morphological

traits? Will History constrain adaptive evolution? Is the relative role of Selection, History and

Chance similar in different phenotypic traits?

In Chapter 3, we analyzed the evolutionary trajectory of thermal plasticity during 28 gener-

ations of the same populations used in the previous chapter. For that, D. subobscura individuals

were assayed for fecundity related traits, starvation resistance, development time and viability in

three different temperatures (13oC, 18 and 23oC). Discussion of this chapter focuses on four main

questions: Are there differences in thermal plastic response due to previous local adaptation in

nature? Do historical differences affect the evolution of thermal plasticity? Is plastic response

different across life-stages? Will thermal plasticity be lost during adaptation to a homogeneous

environment, due to possible trade-offs?

In Chapter 4 I focus on the evolutionary dynamics of the chromosomal polymorphism fre-

quencies of these same populations. In periodical assays throughout 40 generations, the genetic

differentiation between populations is assessed, as well as the evolutionary dynamics of different

inversion arrangements present in the three populations. The discussion focus on four main ques-

tions: What is the impact of History and Selection during the adaptation of these populations to

the laboratory environment at the karyotype level? Is phenotypic convergence explained by the

temporal dynamics of inversions? Are there common evolutionary patterns between populations?

Are specific inversions under selection?

In Chapter 5 I explore how Chance events may have interacted with History and Selection,

in building the association between inversion polymorphisms and wing size and shape in two
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populations, each from a different continent: Europe and South America. Namely, I studied the

Puerto Montt population, which represents what is thought to be the epicenter for the colonization

of the South and North America continent. The discussion of this article focuses on two main

questions: What is the role of Chance in shaping the wing trait-inversion association due to a

colonizing event? What is the relative contribution of inversion clines to the wing size and shape

cline in European and American continents?

In Chapter 6 I expand the analysis done in the Chapter 5 by analyzing the wing traits-

chromosomal inversions associations in 3 populations from each continent (along the European

and South American clines) in an initial generation after foundation. The Chance (colonizing)

event analyzed in the previous Chapter becomes part of the historical differentiation between

continents, and its role on the differentiation between and within continents is analyzed. More-

over, the European populations (which were analyzed in chapters 2, 3 and 4) are studied at

a later generation, providing information about how these genetic associations evolve under a

common selective pressure. The main questions of this chapter are: Are wing trait-chromosomal

inversion associations stable across geographical distant populations (at a continent level)? Are

genetic associations stable in time? How do genetic associations evolve during adaptation to a

new environment?

In Chapter 7 the main findings of this thesis are discussed and incorporated in a general

framework, highlighting the contributions done to understand the role of History, Chance and

Selection during adaptation to a new environment at several biological levels. The thesis ends

with a final consideration on future research based on the findings highlighted by this work.

I will briefly summarize the main questions that I aim to address in my thesis.

Are populations from different geographical locations historically differentiated for

several traits? It is known that clinal variation exists in Drosophila subobscura for inversion

polymorphisms and body size. However several question remain to be answered relative to other

traits – namely fitness related traits, such as fecundity, development time, viability – and also

how is the differentiation maintained in a new environment. In this work I perform an initial

assessment of the initial differentiation of the European D. subobscura populations for several
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phenotypic traits, inversion polymorphisms and genetic associations (Chapter 2, 3, 4, 6).

Can historical differentiation prevent adaptation to a common environment? The in-

terplay between History, Chance and Selection can affect the ability of populations to adapt to a

new environment. In this sense the interaction between initial genetic backgrounds and similar

selective pressures may lead to convergence, but it can also lead to parallel evolution between

populations or even divergence. One can thus question if uniform selection overcomes different

initial genetic backgrounds (Chapter 2, 3, 4).

Are the relative roles of History, Chance and Selection similar at different biological

levels? It is generally expected that the role of History, Chance and Selection varies accord-

ing not only to the relative impact that each presents in the new environment, but also to the

biological level in study. Previous studies have shown that Selection is more pervasive at the

phenotypic level, and History presents a stronger signal at the genetic level. However, up un-

til now, no study has used populations that presented such a deep initial differentiation (due to

past historic evolution for the different environments across the cline) and has characterized the

real-time evolutionary patterns at different biological levels. Contrasts between the evolutionary

dynamics of phenotypic traits and chromosomal inversion frequencies will allow us to tackle this

question (Chapter 2, 3, 4 and 6).

Can adaptation to previous environmental conditions constrain plastic thermal re-

sponse? Plasticity is essential when populations are subject to several environmental changes

or heterogeneous environments. We can assume that populations from different locations along

a latitudinal cline will initially depend on phenotypic plasticity to cope with the environmental

changes, if the conditions are not the optima to which they have adapted. However, it is not

clear if adaptation to previous environmental temperatures will lead to a reduced performance in

other temperatures (due to trade-offs) and differential plasticity between populations (Chapter 3).

How does plasticity evolve under a common selective pressure? Plasticity is a trait that
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is essential for species survival, when in face of heterogeneous environmental conditions. It can

however, entail costs related to maintenance of the plastic response per se, or to the ability to per-

ceive the environmental changes. Therefore one may question, if there is a cost to plasticity, how

will this trait evolve under a constant environment. Will the plastic responses disappear? Also it

will be important to study whether later convergence in plastic response occurs between popula-

tions adapting to a common environment, whenever different initial thermal reaction norms arise

(Chapter 3).

How does a chance (colonizing) event affect genetic associations? Genetic associations

can constrain or promote adaptation to a new environment, shaping the ability of populations to

respond to challenges. In a founder event, spurious chance associations may occur and lead to

differences between source and colonizing populations. It is known that Drosophila subobscura

presents clinal variation in inversion polymorphisms and wing shape and size. However, while

similar inversion polymorphism cline is present in the three continents, for wing shape this is not

the case. Did the founder event shape the genetic association between inversion polymorphisms

and wing traits, leading to the observed differences between source and colonizing populations?

(Chapter 5 and 6).

Are wing trait – inversion associations stable across space and time? Differences be-

tween environmental conditions can select for differences in genetic associations. In D. sub-

obscura there is empirical work that shows that there is an association between chromosomal

inversions and wing shape (Santos et al., 2005). Building on knowledge of the previous study be-

tween one European and one American population (chapter 5) an important question is whether

the different associations between inversions and wing traits are generalized to the continental

level. Also, it is relevant to test the stability of these associations during adaptation to a new

common environment (Chapter 6).
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Fragata, I., Balanyà, J., Rego, C., Matos, M., Rezende, E.L. & Santos, M. 2010. Contrasting patterns of phenotypic

variation linked to chromosomal inversions in native and colonizing populations of Drosophila subobscura. J.

Evol. Biol. 23: 112–123.

Fuller, R., Baer, C. & Travis, J. 2005. How and when selection experiments might actually be useful. Integr. Comp.

Biol. 45: 391–404.

Futuyma, D.J. 2005. Evolution, 1st edn. Sinauer Associates Inc, Massachusetts.

Futuyma, D.J. 2010. Evolutionary constraint and ecological consequences. Evolution 64: 1865–1884.

Garland, T. & Kelly, S.a. 2006. Phenotypic plasticity and experimental evolution. J. Exp. Biol. 209: 2344–61.

Garland, T.J. & Rose, M.R. (eds) 2009. Experimental Evolution: Concepts, Methods and Applications of Selection

Experiments. University of California Press, Berkeley, Los Angeles and London.

Gavrilets, S. 2010. High-dimensional fitness landscapes and speciation. In: Evol. Ext. Synth. (M. Pigliucci &

G. Muller, eds), pp. 45–80. MIT Press, Cambridge.

Ghalambor, C.K., McKay, J.K., Carroll, S.P. & Reznick, D.N. 2007. Adaptive versus non-adaptive phenotypic

plasticity and the potential for contemporary adaptation in new environments. Funct. Ecol. 21: 394–407.

Gilchrist, G.W. & Huey, R.B. 2004. Plastic and Genetic Variation in Wing Loading as a Function of Temperature

Within and Among Parallel Clines in Drosophila subobscura. Integr. Comp. Biol. 44: 461–470.

Griffiths, A.J., Miller, J.H., Suzuki, D.T., Lewontin, R.C. & Gelbart, W.M. 2000. An Introduction to Genetic

29



CHAPTER 1

Analysis, 7th edn. W.H. Freeman and Co., New York.

Harrisson, K.A., Pavlova, A., Telonis-Scott, M. & Sunnucks, P. 2014. Using genomics to characterize evolutionary

potential for conservation of wild populations. Evol. Appl. 7: 1008–1025.

Hasson, E., Rodriguez, C., Fanara, J.J., Naveira, H., Reig, O.A. & Fontdevila, A. 1995. The Evolutionary History

of Drosophila buzzattii. 26. Macrogeographic Patterns of Inversion Polymorphism in New-World Populations. J.

Evol. Biol. 8: 369–384.

Hatadani, L.M. & Klaczko, L.B. 2008. Shape and size variation on the wing of Drosophila mediopunctata: influence

of chromosome inversions and genotype-environment interaction. Genetica 133: 335–342.
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† Current address: Instituto Gulbenkian da Ciência, Oeiras, Portugal

∗These authors contributed equally to this work.

Fragata I., Simões P., Lopes-Cunha M., Lima M., Kellen B., Bárbaro M., Santos J., Rose M.R.,

Santos M. and Matos M.. (2014) Laboratory Selection Quickly Erases Historical Differentiation.

PLoS ONE 9(5): e96227. doi: 10.1371/journal.pone.0096227.

“That men do not learn very much from the lessons of history is the most important of all the lessons of history.”

– Aldous Huxley

37



Laboratory Selection Quickly Erases Historical
Differentiation
Inês Fragata1*., Pedro Simões1*., Miguel Lopes-Cunha1, Margarida Lima1, Bárbara Kellen1¤,

Margarida Bárbaro1, Josiane Santos1, Michael R. Rose2, Mauro Santos3, Margarida Matos1

1Centro de Biologia Ambiental and Departamento de Biologia Animal, Faculdade de Ciências, Universidade de Lisboa, Lisboa, Portugal, 2Department of Ecology and

Evolutionary Biology, University of California Irvine, Irvine, California, United States of America, 3Departament de Genètica i de Microbiologia, Universitat Autònoma de
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Abstract

The roles of history, chance and selection have long been debated in evolutionary biology. Though uniform selection is
expected to lead to convergent evolution between populations, contrasting histories and chance events might prevent
them from attaining the same adaptive state, rendering evolution somewhat unpredictable. The predictability of evolution
has been supported by several studies documenting repeatable adaptive radiations and convergence in both nature and
laboratory. However, other studies suggest divergence among populations adapting to the same environment. Despite the
relevance of this issue, empirical data is lacking for real-time adaptation of sexual populations with deeply divergent
histories and ample standing genetic variation across fitness-related traits. Here we analyse the real-time evolutionary
dynamics of Drosophila subobscura populations, previously differentiated along the European cline, when colonizing a new
common environment. By analysing several life-history, physiological and morphological traits, we show that populations
quickly converge to the same adaptive state through different evolutionary paths. In contrast with other studies, all
analysed traits fully converged regardless of their association with fitness. Selection was able to erase the signature of
history in highly differentiated populations after just a short number of generations, leading to consistent patterns of
convergent evolution.
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Introduction

The roles of history, chance, and selection in shaping the
evolutionary processes of populations adapting to new environ-
ments is a long-standing topic of debate in evolutionary biology
[1–7]. Although repeated adaptive radiations and convergent
evolution support the view that evolution is generally predictable
[7–9], most classic case studies involve morphological traits ([10–
13], but see [14]). However, the relationships between morpho-
logical characters and Darwinian fitness are sometimes ambigu-
ous, suggesting the value of testing for convergence among traits
that are more straightforwardly related to fitness. Life-history traits
are obvious candidates to study in this respect, because their
known association with fitness gives a greater likelihood of
interplay between history, chance, and selection that strongly
depends on underlying genetic variation [15,16]. Furthermore,
pleiotropy and epistasis are common among life-history traits [17],
which should foster the dependence of selection outcome on
genetic background [18,19]. Thus experimental studies of the
evolution of life-history characters should allow better tests of

whether adaptive convergence occurs when the ‘‘tape of evolu-
tion’’ is replayed [20,21].
Real-time examples of convergent evolution using replicated

laboratory populations have been found in several species (e.g.
[5,22–28]). But there are also examples of divergence in
experimental evolution [29,30]. However, in all instances where
strong convergence was found with selection erasing historical
signatures, the lines were recently derived from the same ancestral
population and might thus not differ much in their genetic
background. Whether historical effects derived from highly and
long differentiated ancestral populations do or do not constrain
evolution is still an open question (vid. [5]).
A clarification is in order here. The terms convergent evolution

and parallel evolution have been used sometimes with the same
meaning and sometimes with different meanings (e.g. [31,32]). A
common distinction involves the underlying genetic mechanisms,
with the term ‘‘convergence’’ used when the genetic mechanisms
involved are different (e.g. in distantly related species) and parallel
evolution when the same genetic mechanisms are thought or
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found to be involved. Here we are interested in phenotypic
convergent evolution, and how it is affected by previous history.
We will apply the term convergent phenotypic evolution to cases
where populations start from contrasting adaptive states and
evolve such that these differences are erased during adaptation to a
common environment. This applies to the real-time evolution
studies in bacteria done by Travisano et al. [5] or Melnyk and
Kassen [28], or to the reverse evolution studies done by Teotónio
et al. [23,24] among others. By contrast, we refer to examples of
parallel evolution as those cases which involve populations that are
not differentiated to start with or that maintain those differences
throughout evolution (e.g. [33–35]; see also [36,37]).
The southern peninsulas of Europe acted as refugia for many

species at the height of the last Weichselian ice age (20 kya),
species which rapidly expanded northward as the climate warmed.
It has become apparent over the last 30 years that many European
species are genetically differentiated across at least five major
geographic regions as a result of this postglacial expansion [38].
Their life-histories evolved differently due to contrasting environ-
mental conditions, and in some cases differentiated populations
have met and produced narrow hybrid zones [38]. This glacial-
interglacial climatic reversal provides usefully differentiated wild
populations with which to study convergent evolution in replicated
laboratory lines derived from such wild populations. We have used
the native Palearctic fly Drosophila subobscura for this purpose,
because it is amenable to laboratory experimentation and exhibits
wild genetic differentiation which reflects its postglacial expansion
[39]. Moreover, D. subobscura exhibits latitudinal clines for body
size and chromosomal inversions [40,41], with recent studies
showing that northern populations are becoming more similar to
southern populations in response to global warming [42]. Both
local adaptation and gene flow may be involved [41,43].
Our team has been studying the repeatability of adaptive

evolution of D. subobscura populations to the laboratory environ-
ment over repeated samplings from nearby Portuguese locations
[26,44,45]. For each experimental population, we characterized
the evolutionary trajectories of a set of life-history traits -
particularly age of first reproduction, early and peak fecundity -
as well as a ‘‘physiological trait’’ - starvation resistance (related to
fat storage [46]), throughout numerous generations since labora-
tory introduction. We have shown that, although the laboratory
evolution of these populations is repeatable in some respects,
evolutionary contingencies often hamper quick convergence across
populations [26,44]. This appears to be due to genetic drift effects
during the first generations of laboratory adaptation, since all these
populations were derived from the same geographical area,
sharing a recent history [45].
However, whether prior history constrains subsequent evolution

among geographically differentiated populations is unknown.
Taking advantage of the clinal variation of European D. subobscura
populations, we here report the experimental evolution during the
first 22 generations of adaptation to the laboratory of populations
derived from wild-caught samples in turn obtained from three
contrasting latitudes: Adraga (Portugal), Montpellier (France) and
Groningen (Netherlands).

Materials and Methods

Founding and Maintenance of populations
D. subobscura individuals were collected in August 2010 from

three locations in Europe: Adraga (Portugal), Montpellier (France)
and Groningen (Netherlands); these were used to start three
foundations in the laboratory. The number of founding females
was 234 for Adraga (Ad), 171 for Montpellier (Mo) and 160 for

Groningen (Gro). F1 eggs and individuals were treated with
tetracycline (25 mg/l) and F2 with ceftriaxone and spectinomycin
(50 mg/l) due to the presence of pathogenic (not identified)
bacteria that caused high larval mortality. No Wolbachia was
present in founder or control individuals untreated with antibiot-
ics. Females from these first two generations were maintained in
separate vials, to equalize their contribution to the next
generation. To avoid inbreeding, females were crossed with males
from different vials (1st laboratory generation) or derived from a
random sample from all vials (2nd generation). At the 3rd

generation an equal number of offspring of each female were
randomly mixed, giving rise to the outbred populations. At the 4th

generation, replicate populations were formed by dividing the
overall egg collection of each outbred population in three equal
parts (e.g. originating Ad1, Ad2 and Ad3 from the Adraga
foundation). Three long established populations (TA – formerly
‘‘TW’’ populations - [26]), derived from a collection in Adraga in
2001, were used as controls and assayed in synchrony with the
experimental populations. These populations were in the 115th

generation at the time of founding of the newly introduced
populations, and were also treated with antibiotics (which led to
the new labelling TA) in the same period as the new populations to
avoid differences arising from contrasting treatments. In a
preliminary assay, no interaction was found between the antibiotic
treatment and the different foundations (See Additional Methods
S1).
All populations were maintained under the same conditions

with synchronous discrete generations of 28 days, reproduction
close to peak fecundity, photoperiod of 12 hours of light: 12 hours
of darkness at 18uC, with census sizes between 500 and 1200
individuals (with an average census size during the first 22
generations of 782.3 for Ad1–3, 607.0 for Mo1–3, and 708.6 for
Gro1–3). Flies were kept in vials with controlled density both for
eggs (around 70 eggs per vial) and adults (50 adults per vial). At
each generation, flies of a given population emerging from the
several vials were thoroughly randomized four to five days after
emergence, using CO2 anaesthesia. Egg collection for the next
generation was done one week later, with flies having between 8
and 12 days of age after emergence (see also [26,44,45]).

Genetic Differentiation
Global genetic differentiation among the three foundations

(Adraga, Montpellier and Groningen) was measured at generation
2 using haploid data from chromosomal inversion polymorphisms.
Differentiation through FST was obtained with Arlequin v3.5 [47].

Phenotypic assays
Assays were performed at generations 6, 11, 14, 18 and 22 after

introduction to the laboratory. Sample sizes per population and
assay varied between 15 and 24 mated pairs of flies. Assayed flies
were transferred daily and the number of eggs laid per female was
counted during the first 12 days. At the 12th day, the flies were
transferred to agar medium and starvation resistance was assayed.
With this design we estimated three fecundity-related traits: age of
first reproduction (number of days between emergence and the
first egg laying – ‘A1R’), early fecundity (total number of eggs laid
during the first week of life – ‘F1–7’), and peak fecundity (total
number of eggs laid between days 8 and 12 – ‘F8–12’). Female
starvation resistance was estimated as the number of hours until
death (registered every 6 h after transfer to agar – ‘RF’). The latter
is a trait strongly related to lipid content, and somewhat correlated
with adult survival [46,48]. Considering the generation time in our
populations and the maintenance regime, this trait is not expected
to be strongly related to fitness. It may nevertheless have an
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indirect impact on acquisition and allocation of resources [49]. We
also estimated body size (‘BS’) for all assayed females, a
morphological trait expected to have effects on life-history traits
[50]. As a proxy metric for this trait we used wing size estimated by
geometric morphometric analysis (see [51], details in Additional
Methods S1).

Statistical methods
Evolutionary trajectories of the several traits. Nested

Analyses of Variance (ANOVA) were performed at each
generation to test for differences among foundations in all traits.
The linear model used was:

Y~mzFoundzPopfFoundgze,

where Y refers to the trait analysed, Found refers to the fixed factor
Foundations (with three categories, Adraga, Montpellier and
Groningen), and Pop{Found} refers to the random factor Popula-
tions nested in each Foundation (i.e, the three replicate popula-
tions). Analyses including TA controls were also performed. A type
III sum of squares was used in all tests, with the error being the
population term. Pairwise comparisons between foundations were
performed, with adjustment for multiple testing following the false
discovery rate (FDR) procedure of Benjamini and Yekutieli (2001,
theorem 1.3 [52]).
The evolutionary trajectory of each trait and foundation was

estimated using in each generation the three average values of the
replicate populations (as differences from to the average control
values); the best linear model being calculated by Type I least-
squares linear regression. To test for significance of the overall
response across foundations as well as differences in evolutionary
rate between them ANCOVA analyses were performed using the
linear model:

Y~mzFoundzGenzPopfFoundgzFound ! Gen

zPopfFoundg ! Genze,

where Y refers to the different traits analysed, Gen to the
generations assayed (as covariate) and the other factors as
mentioned above. Analyses using body size as a covariate were
also done to account for its effects on other traits.
All data analyses described above were performed using

STATISTICA 10 and EXCEL.
Multivariate analysis of evolutionary dynamics. A Prin-

cipal Component Analysis (PCA), using the correlation matrix,
was performed with the mean differences between experimental
replicate populations and the controls for all studied traits and
generations. The multivariate phenotypic trajectories were ana-
lysed using the method described in Adams and Collyer [53]. This
led to the estimation of differences between pairs of foundations in
the following parameters: magnitude (differences between the first
and the last generations), direction (standardized differences
between the angles of the first axis of the PCA), and shape
(deviations of corresponding generations between two scaled and
aligned trajectories). To estimate the statistical significance of these
differences, 1000 residual-randomization permutations were
made. To estimate the distance at generations 6 and 22 between
each pair of foundations, we calculated the Euclidean distance
using the average scores per foundation for each principal
component. In order to calculate the significance of the Euclidean
distances, a null distribution was created using 9999 permutations
of replicates. Confidence intervals were estimated by 9999
bootstraps at the replicate level within each foundation using the

average trait values per replicate. Multivariate analyses were
performed using R [54] with the rgl package [55].

Estimates of causal components of variation. To analyse
the contributions of history, chance, and selection throughout the
study, we estimated several variance components for early
fecundity and starvation resistance in each generation. We used
the nested ANOVA model to estimate the variance components of
History – as the differences among foundations - and Chance – as
the differences among populations within foundations. To
calculate the cumulative effect of Selection for each foundation
and generation, we applied a mixed bi-factorial ANOVA. This
effect was estimated as the variation between the earliest
generation assayed and each one of the later generations.
Confidence intervals of variance components were estimated by
bootstrap at the level of the error term. For further details, see
Additional Methods S1.

Results

Early Differentiation
As a measure of the early genetic differentiation between our

foundations, we estimated FST using chromosomal inversion
frequencies. We found highly significant differentiation between
foundations at the 2nd generation (FST=0.204, P,0.0001).
All foundations were clearly differentiated in phenotypic traits at

the 6th generation, with Groningen females having better
performance for all life-history traits as well as female starvation
resistance (Fig. 1, Table S1). Additionally, Groningen females had
a significantly higher body size compared to other foundations.

Evolutionary trajectories of single traits
The initially low fecundity (and high age of first reproduction) of

the three foundations quickly improved and they phenotypically
converged through time, such that they were no longer
significantly different by the 14th generation (Fig. 1A–C, Table
S1a and b). By the 22nd generation, fecundity traits did not differ
significantly between the foundations and the control baseline,
with the exception of Montpellier-derived populations for early
fecundity (Fig. 1B, Table S1c). By contrast, starvation resistance
was initially about equal or higher (Groningen) than the control
baseline, and quick convergence was observed because of a drop in
starvation resistance among Groningen-derived flies (Fig. 1D). In
fact, by the 11th generation the foundations were no longer
differentiated between them or relative to the controls (Table S1).
Convergence of the three foundations by means of different
evolutionary rates can also be seen from the significant
foundation*generation interaction term in the global ANCOVA
and pairwise tests (see Table S2).
Convergence in body size was also observed among the three

foundations, with the relative values of Montpellier and Adraga
(measured as differences from the controls) increasing towards the
values of Groningen, which was stable through time (Fig. 1E). This
is seen in the contrasting smaller sizes of Adraga and Montpellier
populations at the 6th generation, while by the 22nd generation all
foundations had very similar sizes. Nevertheless, Adraga did not
show a significant linear trend, or differences in evolutionary rate
relative to Groningen, and differences between Montpellier and
Groningen were only marginally significant (Fig 1E, Table S2b).
Interestingly, foundations did not converge in body size to the
control values (Fig. 1E, Table S1c). In absolute terms both
Groningen and the controls decreased in body size with time (from
G6 to G22 Groningen declined 2.9% and TA declined 2.4%),
while both Adraga and Montpellier populations remained fairly
stable (increases of 0.40% and 0.27%, respectively). We are
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assuming, as is common in experimental evolutionary designs that
the long-established, TA populations, are close to stable genetic
equilibrium, serving as controls [26,56]. Thus the temporal
changes presented by these populations are likely environmental
in origin and common to all foundations. Therefore differences
from TA populations will give the evolutionary patterns of our
experimental populations. Size differences did not account for the
various evolutionary patterns in either fecundity or starvation

resistance, as analyses defining body size as covariate led to the
same conclusions (Tables S2 and S3).
Consistently for all traits, we found that the populations showing

a larger early differentiation also exhibited a higher evolutionary
rate (Fig. 1).

Multivariate evolutionary trajectories
We integrated all phenotypic traits using Principal Component

Analysis (PCA) to plot the multivariate evolutionary trajectories of

Figure 1. Evolutionary trajectories for the several traits analysed. Average differences from the controls for Age of First Reproduction (A),
Early Fecundity (B), Peak Fecundity (C), Starvation Resistance (D) and Body Size (E) are presented for each foundation, as well as the corresponding
linear regression models. Error bars correspond to variation between replicate populations of each foundation. Significance levels: P.0.1 n.s.; 0.1.P.
0.05 m.s.; 0.05.P.0.01*; 0.01.P.0.001**; P,0.001***.
doi:10.1371/journal.pone.0096227.g001
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the several populations (see Fig. 2 and Methods). The first axis of
the PCA refers to changes involving life-history traits. The second
and third axes show changes in starvation resistance and body size,
respectively, possibly as correlated responses to selection (Table
S4a).
We also estimated three parameters to compare the multivariate

trajectories across populations: magnitude (rate of response),
direction (convergence vs divergence), and shape (evolutionary
path). Populations showed significant differences in magnitude and
shape but not in direction, suggesting a clear convergence to the
same adaptive state, though with contrasting routes and rates
(Fig. 2, Table 1 and S4). Convergence was also confirmed by
estimating the Euclidean distances between populations, which
gave significant values in the initial generation, while by
generation 22 they were no longer significantly higher than would
be expected by chance alone (Fig. 2, Table S4b). Euclidean
distance between all foundations decreased significantly between
generation 6 and generation 22 (Table S4b).

The effect of History, Chance and Selection
Knowing that these populations converged to the same

phenotypic state using different routes and rates, we measured
the effects of history, chance and selection through time (Fig. 3).
We focused this analysis on early fecundity and starvation
resistance because of their contrasting associations with fitness
(see Fig. 1B and 1D and [26,44]). Strong historical differentiation
among foundations for early fecundity quickly faded as selection
produced convergence after only 14 generations (Fig. 3, Tables S5
and S6). The initial historical variation for early fecundity was
considerably higher than the variation due to sampling effects
alone that was found for previous foundations from nearby
locations. In fact, variance components estimated from our
previous studies in 2001 and 2005 as a measure of sampling

effects [26,45] were at least eight times lower than the variance
estimated among foundations in the present study (see Table S7).
A similar evolutionary pattern was observed for starvation

resistance, starting from less differentiation (Fig. 3). However,
when comparing the effect of chance to historical differentiation,
there was a clear contrast between traits, particularly at generation
6 (ratio of history/chance = 25.3 for early fecundity and 3.6 for
starvation resistance). Furthermore, whereas for early fecundity
the role of chance was relatively small, for starvation resistance
chance had similar effects to those of initial history. This suggests a
bigger role for chance events during the evolution of starvation
resistance (see Fig. 3A and 3C, Table S5).
The contrasting rates of convergence among foundations can be

seen in the temporal changes of cumulative selective response for
early fecundity (Fig. 3B). Higher temporal heterogeneity was
observed for starvation resistance, with only the Groningen-
derived populations changing markedly through time (see Table
S6, Fig. 3D).

Discussion

In order to disentangle the relative impact of historical factors
and selection during adaptation, we performed a real-time
evolution study of highly differentiated Drosophila subobscura
populations in nature during adaptation to a new environment
under controlled conditions. Here we directly quantified the
relative contribution of history and selection, an approach that has
been used mostly in asexual organisms ([5,28,57,58], but see [25]).
Combining this approach and the analysis of evolutionary
multivariate trajectories we found a clear pattern of convergence
despite the high level of differentiation in the initial foundations,
suggesting that historical contingencies did not play a major role in
adaptation.
Previous studies of experimental evolution, both in sexual and

asexual populations, have also found convergence patterns,

Figure 2. Multivariate evolutionary trajectories using Principal Component Analysis. All traits, generations and foundations were
included.
doi:10.1371/journal.pone.0096227.g002
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Table 1. Pairwise differences and significance levels using Multivariate trajectory analysis.

Parameter Found Ad Gro

Magnitude Ad — —

Gro 16.235 n.s. —

Mo 74.245 m.s. 90.480 *

Orientation Ad — —

Gro 2.532 n.s. —

Mo 1.708 n.s. 3.818 n.s.

Shape Ad — —

Gro 0.739 ** —

Mo 0.178 n.s. 0.716 **

Note: significance levels: P.0.1 n.s.; 0.1.P.0.05 m.s.; 0.05.P.0.01*; 0.01.P.0.001**.
Magnitude refers to the amount of evolutionary response, Orientation to the direction of the evolutionary path and Shape to the route of this path.
doi:10.1371/journal.pone.0096227.t001

Figure 3. Variance components through time for history, chance and selection. Values presented are for Early Fecundity (A, B) and
Starvation Resistance (C, D). Bars represent 95% confidence limits (see Material and Methods, Additional Methods S1 and Tables S5 and S6 for details).
doi:10.1371/journal.pone.0096227.g003
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although these patterns were less pervasive across traits [5,22,24–
26,44]. Our results contrast with several studies in asexual
populations, where history played an important role in traits
weakly related to fitness [5,57] or even in traits strongly selected
for [58]. The incomplete convergence observed by Spor et al [58]
in Saccharomyces cerevisiae (initially highly differentiated) may have
been due to the fact that their populations were still adapting at the
end of the study. In our present study, the strong signature of
history was quickly erased across all traits regardless of their
association with fitness. It is possible that history has a greater
impact in asexual populations, perhaps due to their relative lack of
standing genetic variation and negative epistasis [23]. Blount et al
[59] showed that historical contingencies have an important effect
during adaptation in Escherichia coli, allowing the species to explore
new ecological opportunities (see also [60] for an example in
viruses). Furthermore, chance genetic associations during the
initial stage of adaptation may even lead to divergence between
asexual populations in traits not relevant to fitness [61]. Some
experimental studies in sexual populations have also shown
historical contingencies that prevented convergence (e.g.
[29,30,62–65]), which illustrates the dangers of generalization.
We have previously shown that stochastic events during the

early stages of laboratory colonization have some impact in the
adaptive dynamics of D. subobscura populations sampled from
nature in near-by or even the same location [26,44,45]. This might
suggest an overall role of evolutionary contingencies hampering
convergence. Nevertheless, the present study shows that strong
initial differentiation among populations does not prevent
convergent evolution. Our results differ from those abovemen-
tioned studies where populations of Drosophila derived from
contrasting latitudes showed parallel [65] or even divergent
[29,30] evolution under uniform selection. While the lack of
convergence in those studies might be due to multiple solutions to
the same problem [18], it is possible that the use of a limited
number of isofemale lines in those studies contributed to their
divergent outcomes.
The clear pattern of convergence across all traits in our

study also suggests that the populations evolved to the same
adaptive equilibrium. It is an open question whether this
observed pattern of convergent adaptation might not have
occurred if we had used a different laboratory environment. In
fact, Melnyk and Kassen [28] showed contrasting evolutionary
patterns in the same Pseudomonas fluorescens populations adapt-
ing to two different laboratory environments. These patterns
point to the possibility of different underlying adaptive
landscapes and different contributions of history vs selection,
among selection regimes. Whether this applies to sexual
populations with contrasting histories across fitness-related
traits and ample standing genetic variation such as ours
remains to be seen. Additionally, it is worth noting that our
populations evolved in a benign homogeneous environment,
and it is an open question whether other evolutionary
outcomes may emerge as a function of the complexity and
harshness of the environment [33,66].
In a study of reverse evolution in Drosophila melanogaster,

Teotónio et al. [22,24] found that convergence to the ancestral
state was not universal across traits, but instead depended
somewhat on history as a result of previous adaptation to different
selective regimes. It may be the case that adaptation to a novel
environment, such as ours, is fostered by positive additive
variance/covariance matrices across traits [49,67]. In the case of
Teotónio et al’s. study, the hypothesis that genetic variation
affecting adaptation to the lab environment may have been
exhausted is not likely, given the genome-wide absence of selective

sweeps leading to low heterozygosity found by Burke et al. [68] in
their study of ten of those populations. Antagonistic pleiotropy
seems to have played a role in our Groningen populations, since
starvation resistance quickly declined during adaptation of those
populations. This possible trade-off between starvation resistance
and other traits, found only in Groningen, suggests that different
mechanisms/associations among traits may be involved, in spite of
the general convergence across foundations. Differential mecha-
nisms of acquisition versus allocation of resources might have had
different impacts between foundations or can change during the
different phases of adaptation [56]. In this regard it is tempting to
suggest that the Groningen populations were already better suited
to the laboratory environment. Alternatively relaxed selection
might have also contributed, though it is unlikely that it could by
itself lead to the quick evolutionary pattern observed. Future
studies on the effect of specific environments on G matrices would
be interesting.
The fact that we report here full phenotypic convergence in

only 22 generations of adaptation calls for a word of caution, in
the sense that these populations might diverge if they continue
to evolve at a steady rate in the future. This is not a likely
scenario, considering the evidence for a slowing down of
evolutionary rates of adaptation in our longer-term studies of
laboratory adaptation in populations like these (e.g. [69,70]).
Of course, close study of these populations after more
generations of laboratory adaptation would settle this issue.
More generations may also help to clarify the evolutionary
dynamics of body size. Though convergence occurred among
foundations, they did not evolve towards the values of the long
established, control populations. This may be due to complex
trade-offs that might manifest at a later evolutionary phase
[56]. Alternatively, founder events or genetic drift may
maintain these differences.
It is important to note that convergence at the phenotypic

level does not necessarily imply that the underlying genetic
basis of convergence is uniform. Although some studies show
convergent (or parallel) genotypic evolution [9,36,71,72],
phenotypically convergent (or parallel) evolution through
different genetic mechanisms has also been found in both
sexual and asexual organisms [27,31,32,73–75]. A plethora of
factors could be responsible for these varying genetic
pathways: different levels of standing genetic variation,
mutational input, epistasis and pleiotropic effects [23,27,32,
73,74,76]. It will be interesting to analyse to what extent the
fast phenotypic convergence of our populations is matched at
the genomic level.
The results of our study highlight the potential for error in

characterizing geographical patterns from comparisons of
populations even after relatively few generations of laboratory
adaptation. Here we show that starvation resistance started
with higher values for the Groningen foundations but quickly
converged to values similar to those of the other populations.
The absence of a latitudinal European cline for this trait in the
study by Gilchrist et al. [77] might thus be due to laboratory
convergent evolution during the multiple generations of
laboratory culture prior to their measurement of starvation
resistance.
To sum up, we found that populations with clear initial

differentiation quickly converged phenotypically during adapta-
tion to a new, common laboratory environment. Thus, selection
was able to quickly overcome the effects of history even in
laboratory populations founded from populations highly differen-
tiated in nature. In this sense, phenotypic evolution was generally
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predictable, even across a set of complex traits, and was not
significantly dependent on chance events or historical constraints.
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Additional Methods 

Preliminary assay 

In the 4th generation a preliminary assay on adult life history traits was done 

with all experimental foundations (not replicated) and controls, both developed in 

normal medium and medium with ceftriaxone/ spectinomycin, which gave no 

significant interactions between treatments and foundations. 

 

Estimation of Body Size 

As a proxy for body size, we measured wing size. For the wing size 

measurements, x and y coordinates of 13 morphological landmarks of the wing were 

recorded by using the Fly Wing 15Lmk plug-in implemented in IMAGEJ 1.33u 

software (http://rsb.info.nih.gov/ij/). Wing size was estimated as centroid size, defined 

as the square root of the sum of the 26 squared Euclidian distances of the 13 

landmarks to the centroid – see [1]. Analyses were performed using the log-

transformed centroid size values. 

 

Estimates of causal components of variation 

To address the relative role of History, Chance and Selection we estimated the 

variance components associated with these different sources of variation for early 

fecundity and starvation resistance. As a note, for simplification we will refer as 

“variance component” to the estimates of the causal contributions to variation of a 

given ANOVA factor for both fixed and random factors since estimates are 

equivalent. Using the approximation described by [2], we used the Mean Squares 

(MS) of the nested ANOVA model of each generation (described in Methods) to 

estimate the variance components of history – variation due to differences among 

foundations (!2
History) - and chance – variation due to differences among populations 

within foundations (!2
Chance) - as: 

! 2History = MSFound "MSError " (n '0! 2Chance)
nb0

, 

! 2Chance = MSPop "MSError
n0

, 
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Where n0, n'0 and nb0 are the corrections applied to a nested ANOVA with 

unequal sample sizes as defined in [2] (pg. 297). 

To calculate the cumulative effect of selection - variation between the earliest 

generation assayed and each one of the later generations (!2
Selection) - for each 

Foundation and pair of generations we applied mixed bifactorial ANOVAS with the 

following model: 

Y = µ +Gen + Pop +Gen*Pop + ! ,  

where Y refers to Early Fecundity or Starvation Resistance, Gen refers to the 

two generations of a given comparison (generation 6 versus generation 11, 14, 18 or 

22), and Pop (random factor) to the three replicate populations of that Foundation. In 

this analysis we used as data points in each generation the differences between 

experimental populations and average values of controls. The MS of the ANOVA was 

then used to calculate the variance component of Selection as follows:  

! 2Selection = MSGen "MSGen*Pop
n '*b

, 

With b being the number of levels of the Population (b=3) and n´ the 

corrected n (number of individual observations) for unequal sample sizes as used in 

[3], following [4]. The variance components estimates were also standardized by the 

square of the mean values of all populations involved in the estimates. In the case of 

variation due to selection, where the estimates involved differences to controls, values 

of both experimental and control populations were used in the estimation of the mean. 

For the sake of graphical presentation, estimates were also square root transformed. It 

is relevant to mention that Restricted Maximum Likelihood (REML) estimates, one of 

the preferred methods for estimating variance components, especially in unbalanced 

designs, provided similar results to those presented in this study.  

In order to obtain confidence intervals for each of the variance components 

estimated, a bootstrap analysis was done (n=999) at the level of individuals within 

each replicate population for the variance component of chance, at the replicate 

population level within each foundation for the history variance component and at the 

replicate population level within each foundation and across generations for the 

selection variance component. All data analyses were performed using STATISTICA 

10, EXCEL and R [5] with the car package [6]. 
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Table S1- Analyses of differences in life-history traits at each generation among and within foundations
(Adraga; Montpellier and Groningen). The Global ANOVA model (A) and the paired comparisons be-
tween foundations (B) and between foundations and TA controls (C) are presented.

A) Global ANOVA model

MS F(df1, df2) MS F(df1, df2) MS F(df1, df2) MS F(df1, df2) MS F(df1, df2)

Found 117.795 F2,6 = 30.773 *** 57088.969 F2,6 = 37.886 *** 55601.898 F2,6 = 19.889 ** 978.532 F2,6 = 6.664 * 0.052 F2,6 = 23.869 ***

Pop(Found) 3.827 F6,203= 0.790 n.s 1507.032 F6,203 = 1.942 m.s. 2798.664 F6,195 = 2.336 * 147.015 F6,190 = 2.096 m.s. 0.002 F6,187 = 1.750 n.s.

Error 4.842 776.054 1198.087 70.133 0.001

Found 35.264 F2,6 = 2.766 n.s. 12215.487 F2,6 = 4.559 m.s. 22354.86 F2,6 = 3.668 m.s. 93.415 F2,6 = 0.388 n.s. 0.003 F2,6 = 3.418 n.s.

Pop(Found) 12.752 F6,148 = 2.703 * 2680.802 F6,147 = 2.980 ** 6115.223 F6,128 = 3.529 ** 241.342 F6,128 = 2.276 * 0.001 F6,130 = 0.690 n.s.

Error 4.717 899.527 1732.707 106.055 0.001

Found 2.622 F2,6 = 1.029 n.s. 2403.769 F2,6 =1.136 n.s. 4380.752 F2,6 = 1.365 n.s. 3.553 F2,6 = 0.023 n.s. 0.004 F2,6 = 1.107 n.s.

Pop(Found) 2.55 F6,148 = 2.171 * 2115.843 F6,150 = 2.428 * 3164.982 F6,145 = 2.196 * 154.364 F6,145 = 3.349 ** 0.004 F6,141 = 4.860 ***

Error 1.175 871.484 1441.296 46.092 0.001

Found 2.755 F2,6 = 0.658 n.s. 1577.957 F2,6 = 0.522 n.s. 3640.604 F2,6 = 0.551 n.s. 61.055 F2,6 = 0.187 n.s. 0.015 F2,6 = 12.204 **

Pop(Found) 4.187 F6,143 = 1.065 n.s. 2180.378 F6,145 = 2.268 * 6634.753 F6,141 = 3.277 ** 327.784 F6,141 = 4.587 *** 0.001 F6,138 = 1.384 n.s.

Error 3.931 961.267 2024.798 71.456 0.001

Found 9.59 F2,6 = 2.081 n.s. 2344.447 F2,6 =0.880 n.s. 2177.33 F2,6 = 0.254 n.s. 39.825 F2,6 = 0.184 n.s. 0.001 F2,6 = 0.274 n.s.

Pop(Found) 4.612 F6,195 = 1.784 n.s. 2666.833 F6,196 = 2.974 ** 8585.468 F6,194 = 3.926 *** 216.429 F6,194 = 3.981 *** 0.005 F6,191 = 6.784 ***

Error 2.585 896.703 2186.884 54.359 0.001

11

14

18

22

Age of First Reproduction Early Fecundity Peak Fecundity Starvation Resistance Body Size

6

Gen Model 
parameters

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗
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B) Paired Comparisons Between Foundations.

Gen Paired 
Comparisons

Age of First 
Reproduction

Early 
Fecundity

Peak 
Fecundity

Starvation 
Resistance Body Size

Ad vs Mo 29.043 ** 32.065 ** 11.313 * 0.736 0.036

Ad vs Gro 4.901 m.s, n.s. 7.892 *, m.s. 8.218 *, m.s. 6.884 *, m.s. 36.318 ***,††

Mo vs Gro 58.379 *** 73.152 *** 39.708 ***, †† 12.0784 * 33.266 **

Ad vs Mo 3.856 m.s, n.s. 2.878 2.38 0.338 3.802 m.s, n.s.

Ad vs Gro 0.013 1.608 1.082 0.756 6.300 *, m.s.

Mo vs Gro 4.359 m.s, n.s. 9.040 * 7.202 *, m.s. 0.098 0.334

Ad vs Mo 0.745 1.786 1.877 0.046 1.588

Ad vs Gro 2.023 1.618 2.228 0.012 1.677

Mo vs Gro 0.311 0.006 0.017 0.011 0.002

Ad vs Mo 0.365 1.413 0.246 0.209 7.065 *, m.s.

Ad vs Gro 1.315 0.575 1.096 0.014 24.298 **

Mo vs Gro 0.329 0.166 0.333 0.328 5.594 m.s, n.s.

Ad vs Mo 0.824 0.263 0.033 0.314 0

Ad vs Gro 1.243 0.64 0.471 0.233 0.401

Mo vs Gro 4.146 m.s, n.s. 1.732 0.261 0.005 0.418

6

11

14

18

22

Note: F values with 1 degree of freedom for Foundation and 6 for the Error term (Population) are presented. Significance levels:
0.1>P>0.05 m.s; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001 ∗ ∗ ∗. Significance levels were also corrected for multiple
comparisons using the False Discovery Rate adjustment (see Material and Methods), and are presented whenever changes in
significance relative to uncorrected values occur: 0.055>P>0.027 m.s. (for 0.1> α >0.05); 0.027>P>0.005 † (for
0.05> α >0.01); 0.005>P>0.0005 † † (for 0.01> α >0.001). For non-significant F values (P>0.055 n.s.) no indication of
significance is given (except when test becomes non significant after FDR adjustment).
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C) Paired Comparisons Between Foundations and Controls.

Gen Paired 
Comparisons

Age of First 
Reproduction Early Fecundity Peak Fecundity Starvation 

Resistance Body Size

Ad vs TA 18.128 ** 127.866 *** 72.336 *** 0.031 0.496

Mo vs TA 110.505 *** 310.505 *** 138.431 *** 0.589 0.239

Gro vs TA 2.953 69.520 *** 34.940 *** 9.413 * 34.222 ***

Ad vs TA 1.82 43.462 *** 16.537 ** 0.057 0.093

Mo vs TA 13.435 **,† 74.070 *** 35.848 *** 0.155 3.906 m.s., n.s.

Gro vs TA 1.496 27.580 ***, †† 9.234 * 0.513 6.016 *, m.s.

Ad vs TA 1.025 11.338 **, † 8.220 * 0.234 0.262

Mo vs TA 3.890 m.s., n.s. 20.411 ** 15.764 ** 0.441 3.648 m.s. n.s.

Gro vs TA 6.745 *, m.s. 20.199 ** 16.457 ** 0.325 3.788 m.s., n.s.

Ad vs TA 3.211 8.508 * 2.993 0.426 2.145

Mo vs TA 6.353 *, m.s. 15.842 ** 4.864 m.s, n.s. 0.024 0.347

Gro vs TA 9.479 * 12.504 **, † 6.981 *, m.s. 0.603 5.741 *, m.s.

Ad vs TA 0.571 7.095 *, m.s. 4.400 m.s., n.s. 0.001 6.095 *, m.s.

Mo vs TA 2.808 9.757 * 3.704 m.s., n.s. 0.352 6.492 *, m.s.

Gro vs TA 0.132 3.857 m.s., n.s. 1.886 0.257 10.368 *

6

11

14

18

22

Note: See footnote above (Table S1B) for details on significance levels and multiple test corrections (see also Material and
Methods).
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Table S2 - ANCOVA models for each trait with Generation as covariate. The Global ANCOVA model
(A) and the paired comparisons between foundations (B) are presented.
A) Global ANCOVA model

Trait Model parameters MS F

Gen 7.9 F1,6 = 42.266 ***

Found*Gen 2.2 F2,6 = 11.804 **

Pop(Found)*Gen 0.2 F6,27 = 0.394 n.s.

Error 0.5

Gen 13071.1 F1,6 = 88.998 ***

Found*Gen 1007.6 F2,6 = 6.861 *

Pop(Found)*Gen 146.9 F6,27 = 1.016 n.s.

Error 144.6

Gen 16675.7 F1,6 = 42.171 ***

Found*Gen 1640.3 F2,6 = 4.148 m.s.

Pop(Found)*Gen 395.4 F6,27 = 1.338 n.s.

Error 295.4

Gen 15 F1,6 = 4.970 m.s.

Found*Gen 26.4 F2,6 = 8.765 *

Pop(Found)*Gen 3 F6,27 = 0.295 n.s.

Error 10.2

Gen 0.0009 F1,6 = 4.875 m.s.

Found*Gen 0.0005 F2,6 = 2.421 n.s.

Pop(Found)*Gen 0.0002 F6,27 = 0.866 n.s.

Error 0.0002

Age of First 
Reproduction

Early 
Fecundity

Peak 
Fecundity

Starvation 
Resistance

Body Size

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗
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B) ANCOVA pairwise comparisons between foundations

Trait Comparison F1,6

Ad vs Mo 12.680 *

Ad vs Gro 1.172 n.s.

Mo vs Gro 21.560 **

Ad vs Mo 5.456 m.s., n.s.

Ad vs Gro 1.747 n.s.

Mo vs Gro 13.379 *

Ad vs Mo 2.720 n.s.

Ad vs Gro 1.490 n.s.

Mo vs Gro 8.235 *, m.s.

Ad vs Mo 2.234 n.s.

Ad vs Gro 6.967 *, m.s.

Mo vs Gro 17.092 **, †

Ad vs Mo 0.016 n.s.

Ad vs Gro 3.386 n.s.

Mo vs Gro 3.861 m.s., n.s.

Age of First 
Reproduction

Early Fecundity

Peak fecundity

Starvation 
Resistance

Body Size

Note: F values with 1 degree of freedom for Foundation and 6 for the Error term (Population) are presented. Significance levels:
0.1>P>0.05 m.s; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗. Significance levels were also corrected for multiple
comparisons using the False Discovery Rate adjustment (see Material and Methods), and are presented whenever changes in
significance relative to uncorrected values occur: 0.055>P>0.027 m.s. (for 0.1> α >0.05); 0.027>P>0.005 † (for
0.05> α >0.01); 0.005>P>0.0005 † † (for 0.01> α >0.001). For non-significant F values (P>0.055 n.s.) no indication of
significance is given (except when test becomes non significant after FDR adjustment).

54



CHAPTER 2

Table S3 - ANCOVA models for each trait with Generation and Body Size as covariates.

Trait Model parameters MS F

Gen 5.2 F1,6 = 21.613 **

Found*Gen 1.6 F2,6 = 7.359 *

Pop(Found)*Gen 0.2 F6,26 = 0.460 n.s.

Body Size 0.9 F1,26 = 1.877 n.s.

Error 0.5

Gen 10921.6 F1,6 = 72.882 ***

Found*Gen 859.1 F2,6 = 5.731 *

Pop(Found)*Gen 149.9 F6,26 = 1.005 n.s.

Body Size 24.3 F1,26 = 0.163 n.s.

Error 149.3

Gen 15094.1 F1,6 = 41.161 ***

Found*Gen 1597.9 F2,6 = 4.302 m.s.

Pop(Found)*Gen 374.3 F6,26 = 1.222 n.s.

Body Size 48.7 F1,26 = 0.159 n.s.

Error 306.3

Gen 25.2 F1,6 = 6.612 *

Found*Gen 15 F2,6 = 4.511 *

Pop(Found)*Gen 3 F6,26 = 0.303 n.s.

Body Size 15.1 F1,26 = 1.501 n.s.

Error 10

Age of First 
Reproduction

Early 
Fecundity

Peak 
Fecundity

Starvation 
Resistance

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗
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Table S4 - Principal Component Analysis including all traits and generations. A) Eigenvectors for the first
three axes of Principal Component Analysis, using all populations, traits and generations. B) Euclidean
Distances calculated from Principal Components Analysis between all foundations at generation 6 and
22
A) Eigenvectors for the first three PCA axis

Trait PC 1 PC 2 PC 3

A1R 0.544 0.092 0.056

F1-7 0.554 0.235 -0.002

F8-12 0.547 0.178 0.142

RF 0.192 -0.819 0.529

BS 0.249 -0.483 -0.835

Gen Regimes Euclidean 
Distance

Ad-Mo 2.8464*** 2.8737 5.2773

Ad-Gro 3.3964*** 2.9162 4.1564

Gro-Mo 5.3533*** 5.0671 5.9581

Ad-Mo 0.5953 n.s. 0.25942 2.31401

Ad-Gro 0.8779 n.s. 0.50877 2.51833

Gro-Mo 1.1097 n.s. 0.64736 2.07378

Lower and Upper 95% limits

6

22

Note: PC 1 explains 59.48 % of the total variation, PC2 and PC3 explain 19.50 % and 16.84 %, respectively.

B) Euclidean Distances calculated from PCA data

Trait PC 1 PC 2 PC 3

A1R 0.544 0.092 0.056

F1-7 0.554 0.235 -0.002

F8-12 0.547 0.178 0.142

RF 0.192 -0.819 0.529

BS 0.249 -0.483 -0.835

Gen Regimes Euclidean 
Distance

Ad-Mo 2.8464*** 2.8737 5.2773

Ad-Gro 3.3964*** 2.9162 4.1564

Gro-Mo 5.3533*** 5.0671 5.9581

Ad-Mo 0.5953 n.s. 0.25942 2.31401

Ad-Gro 0.8779 n.s. 0.50877 2.51833

Gro-Mo 1.1097 n.s. 0.64736 2.07378

Lower and Upper 95% limits

6

22

Note: significance levels: P>0.1 n.s; P<0.001∗ ∗ ∗.
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Table S5 - Variance components of History and Chance for Early Fecundity (A) and Starvation Resistance
(B).

A) Variance Components for early fecundity

Gen Model 
parameters MS F(df1, df2) !2 Direct 

Estimate

Bootstrap 
Estimate - 
average

"!2/M
Direct 

Estimate

Bootstrap 
Estimate - 
average

Found 57089 F2,6 = 37.886 *** !2
History 786.659 812.212 549.786 1069.653 !2

History 0.645 0.653 0.572 0.724

Pop(Found) 1507 F6,203 = 1.942 m.s. !2
Chance 31.034 63.866 -6.9725 177.243 !2

Chance 0.128 0.185 0 0.308

Error 776.1

Found 12215.5 F2,6 = 4.559 m.s. !2
History 183.441 226.83 50.803 514.289 !2

History 0.26 0.293 0.13 0.476

Pop(Found) 2680.8 F6,147 = 2.980 ** !2
Chance 102.792 158.845 36.503 324.432 !2

Chance 0.194 0.24 0.113 0.343

Error 899.5

Found 2403.8 F2,6 =1.136 n.s. !2
History 5.419 42.302 -17.659 230.161 !2

History 0.036 0.104 0 0.263

Pop(Found) 2115.8 F6,150 = 2.428 * !2
Chance 70.452 121.173 7.206 277.293 !2

Chance 0.13 0.171 0.041 0.263

Error 871.5

Found 1578 F2,6 = 0.522 n.s. !2
History -11.875 34.453 -31.033 247.536 !2

History 0 0.109 0 0.278

Pop(Found) 2180.4 F6,145 = 2.268 * !2
Chance 71.395 128.719 24.487 275.862 !2

Chance 0.165 0.224 0.096 0.332

Error 961.3

Found 2344.4 F2,6 =0.880 n.s. !2
History -4.812 38.243 -29.059 135.572 !2

History 0 0.113 0 0.213

Pop(Found) 2666.8 F6,196 = 2.974 ** !2
Chance 77.808 115.109 17.679 240.864 !2

Chance 0.157 0.193 0.072 0.282

Error 896.7

22

Lower and Upper 95% limits Lower and Upper 95% limits

6

11

14

18

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗

B) Variance Components for starvation resistance

Gen Model 
parameters MS F(df1, df2) !2

Direct 
Estimate

Bootstrap 
Estimate -
average

"!2/M
Direct 

Estimate

Bootstrap 
Estimate - 
average

Found 978.5 F2,6 = 6.664 * !2
History 12.55 14.523 7.712 23.002 !2

History 0.093 0.1 0.071 0.13

Pop(Found) 147 F6,190 = 2.096 m.s. !2
Chance 3.48 6.606 0.138 16.245 !2

Chance 0.049 0.068 0.01 0.106

Error 70.1

Found 93.4 F2,6 = 0.388 n.s. !2
History -3.252 1.789 -5.307 15.276 !2

History 0 0.033 0 0.098

Pop(Found) 241.3 F6,128 = 2.276 * !2
Chance 8.9 15.621 0.997 37.471 !2

Chance 0.076 0.101 0.025 0.158

Error 106.1

Found 3.6 F2,6 = 0.023 n.s. !2
History -2.94 0.026 -3.184 9.572 !2

History 0 0.005 0 0.08

Pop(Found) 154.4 F6,145 = 3.349 ** !2
Chance 6.329 8.834 1.314 20.172 !2

Chance 0.062 0.073 0.028 0.112

Error 46.1

Found 61.1 F2,6 = 0.187 n.s. !2
History -5.399 0.829 -6.747 16.834 !2

History 0 0.022 0 0.104

Pop(Found) 327.8 F6,141 = 4.587 *** !2
Chance 15.443 20.19 7.072 38.118 !2

Chance 0.101 0.116 0.067 0.161

Error 71.5

Found 39.8 F2,6 = 0.184 n.s. !2
History -2.625 0.659 -2.784 10.531 !2

History 0 0.001 0 0.094

Pop(Found) 216.4 F6,194 = 3.981 *** !2
Chance 7.201 9.552 1.707 20.965 !2

Chance 0.073 0.085 0.035 0.127

Error 54.4

18

22

Lower and Upper 95% limits Lower and Upper 95% limits

6

11

14

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗ Estimates were
obtained from ANOVA model Y = µ + Foundation + Population(Foundation) + �. Non-standardized (σ 2) and standardized
(
√
σ 2/M) values are shown. Estimates were standardized by the square of the mean values of all populations involved in the

estimates (see Material and Methods and Additional Material and Methods). Prior to standardization, negative values were
changed to zero.
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Table S6 - Variance components of Selection for Early Fecundity (F1-7) and Starvation Resistance (RF)
for Adraga (A), Montpellier (B) and Groningen (C).
A) Variation Components for selection for Adraga

Trait Gen Model 
Parameters MS Fdf1,df2

Direct 
Estimate

Bootstrap 
Estimate - 
average

Direct 
Estimate

Bootstrap 
Estimate - 
average

Pop 480.136 F2,2 = 0.108 n.s.

Gen 1170.53 F1,2 = 0.263 n.s. -55.362 18.239 -95.804 424.864 0 0.049 0 0.24

Pop*Gen 4447.562 F2,113 = 3.943 *

Error 1127.974

Pop 42.718 F2,2 = 0.023 n.s.

Gen 33514.3 F1,2 = 18.176 m.s. 521.006 548.102 278.299 1181.786 0.263 0.27 0.191 0.397

Pop*Gen 1843.962 F2,116 = 1.720 n.s.

Error 1072.206

Pop 4238.033 F2,2 = 1.940 n.s.

Gen 38344.096 F1,2 = 17.566 m.s. 605.692 644.2 271.469 1379.499 0.315 0.322 0.211 0.445

Pop*Gen 2184.301 F2,114 = 2.061 n.s.

Error 1059.985

Pop 4297.272 F2,2 = 1.320 n.s.

Gen 57219.345 F1,2 = 17.586 m.s. 788.052 834.847 289.681 1678.111 0.369 0.377 0.227 0.503

Pop*Gen 3254.487 F2,131 = 2.635 m.s.

Error 1235.033

Pop 174.116 F2,2 = 0.925 n.s.

Gen 29.644 F1,2 = 0.157 n.s. -3.023 0.611 -4.742 15.764 0 0.02 0 0.103

Pop*Gen 188.198 F2,100 = 1.818 n.s.

Error 103.505

Pop 302.651 F2,2 = 3.377 n.s.

Gen 29.828 F1,2 = 0.333 n.s. -1.016 0.388 -1.327 4.101 0 0.017 0 0.055

Pop*Gen 89.622 F2,116 = 1.155 n.s.

Error 77.616

Pop 718.125 F2,2 =5.831 n.s.

Gen 173.06 F1,2 = 1.407 n.s. 0.872 2.849 -2.223 14.047 0.024 0.045 0 0.104

Pop*Gen 123.165 F2,109 = 1.558 n.s.

Error 79.058

Pop 562.999 F2,2 = 2.282 n.s.

Gen 5.16 F1,2 = 0.021 n.s. -3.663 0.264 -3.901 13.271 0 0.014 0 0.101

Pop*Gen 246.749 F2,126 = 3.070 *

Error 80.366

6-11

6-14

6-18

6-22

!2 "!2/M

Lower and Upper 95% 
limits

Lower and Upper 
95% limits

F1-7

RF

6-11

6-14

6-18

6-22

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗
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B) Variation Components for selection for Montpellier

Trait Gen Model 
Parameters MS Fdf1,df2

Direct 
Estimate

Bootstrap 
Estimate - 
average

Direct 
Estimate

Bootstrap 
Estimate - 
average

Pop 2309.862 F2,2 =1.258 n.s.

Gen 21176.301 F1,2 = 11.533 m.s. 310.606 339.612 99.661 821.021 0.25 0.259 0.151 0.39

Pop*Gen 1836.25 F2,119 = 3.658 *

Error 501.96

Pop 366.745 F2,2 = 1.779 n.s.

Gen 103038.334 F1,2 = 499.837 ** 1680.265 1683.764 1494.586 1981.69 0.551 0.551 0.526 0.598

Pop*Gen 206.136 F2,117 = 0.389 n.s.

Error 530.185

Pop 1244.346 F2,2 = 2.237 n.s.

Gen 119955.303 F1,2 = 215.612 ** 1917.575 1928.576 1442.245 2237.092 0.661 0.662 0.598 0.714

Pop*Gen 556.348 F2,119 = 1.087 n.s.

Error 512.053

Pop 1080.987 F2,2 = 9.214 m.s.

Gen 189074.779 F1,2 = 1609.906 *** 2699.943 2703.389 2543.432 2976.934 0.792 0.792 0.782 0.798

Pop*Gen 117.325 F2,134 = 0.266 n.s.

Error 441.569

Pop 361.917 F2,2 = 2.992 n.s.

Gen 196.319 F1,2 = 1.623 n.s. 1.339 3.29 -2.098 15.983 0.031 0.047 0 0.103

Pop*Gen 120.955 F2,107 = 1.236 n.s.

Error 97.883

Pop 64.994 F2,2 = 48.564 *

Gen 320.337 F1,2 = 233.833 ** 5.612 5.613 4.558 7.161 0.063 0.063 0.055 0.071

Pop*Gen 1.338 F2,108 = 0.021 n.s.

Error 64.218

Pop 376.89 F2,2 = 1.495 n.s.

Gen 28.472 F1,2 = 0.113 n.s. -3.863 0.296 -3.895 12.403 0 0.012 0 0.096

Pop*Gen 252.034 F2,110 = 3.769 *

Error 66.863

Pop 126.74 F2,2 = 7.341 n.s.

Gen 268.991 F1,2 = 15.521 m.s. 3.818 4.148 0.968 6.916 0.054 0.056 0.028 0.071

Pop*Gen 17.265 F2,126 = 0.264 n.s.

Error 65.407

RF

6-11

6-14

6-18

6-22

Lower and Upper 95% 
limits

Lower and Upper 
95% limits

F1-7

6-11

6-14

6-18

6-22

!2 "!2/M

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗
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C) Variation Components for selection for Groningen

Trait Gen Model 
Parameters MS Fdf1,df2

Direct 
Estimate

Bootstrap 
Estimate - 
average

Direct 
Estimate

Bootstrap 
Estimate - 
average

Pop 3289.06 F2,2 =5.015 n.s.

Gen 29.673 F1,2 = 0.045 n.s. -10.154 0.714 -10.499 33.593 0 0.009 0 0.062

Pop*Gen 655.886 F2,118 = 0.754 n.s.

Error 869.281

Pop 2371.854 F2,2 = 0.377 n.s.

Gen 434.874 F1,2 = 0.069 n.s. -93.37 7.953 -94.183 282.636 0 0.03 0 0.196

Pop*Gen 6293.187 F2,120 = 7.414 ***

Error 848.784

Pop 1019.241 F2,2 = 0.527 n.s.

Gen 3364.416 F1,2 = 1.739 n.s. 23.8 57.661 0.243 348.999 0.06 0.095 0.006 0.238

Pop*Gen 1935.458 F2,115 = 1.933 n.s.

Error 1001.305

Pop 454.359 F2,2 = 0.139 n.s.

Gen 30647.314 F1,2 = 9.406 m.s. 391.431 443.652 176.389 1187.112 0.24 0.257 0.158 0.427

Pop*Gen 3259.465 F2,134 = 3.888 *

Error 838.308

Pop 146.161 F2,2 = 0.702 n.s.

Gen 370.813 F1,2 = 1.783 n.s. 2.808 6.351 -0.846 20.324 0.043 0.065 0 0.116

Pop*Gen 208.061 F2,111 = 3.801 *

Error 54.741

Pop 208.898 F2,2 = 0.763 n.s.

Gen 513.732 F1,2 = 1.877 n.s. 3.993 8.297 0.153 24.192 0.05 0.074 0.01 0.127

Pop*Gen 273.652 F2,115 = 7.185 **

Error 38.087

Pop 4.528 F2,2 = 26.070 *

Gen 1977.699 F1,2 = 6350.349 *** 33.824 33.864 33.331 34.882 0.147 0.147 0.146 0.15

Pop*Gen 0.174 F2,110 = 0.003 n.s.

Error 66.325

Pop 48.42 F2,2 = 0.549 n.s.

Gen 735.93 F1,2 = 8.347 n.s. 9.394 10.697 4.448 18.81 0.081 0.087 0.055 0.115

Pop*Gen 88.228 F2,132 = 2.116 n.s.

Error 41.693

RF

6-11

6-14

6-18

6-22

!"2/M

Lower and Upper 95% 
limits

Lower and Upper 
95% limits

F1-7

6-11

6-14

6-18

6-22

"2

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗ Non-standardized
(σ2) and standardized (

√
σ2/M) values are shown. Estimates were standardized by the square of the mean values of all

populations involved in the estimates (see Material and Methods and Supplementary Information). Prior to standardization,
negative values were changed to zero.
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Table S7 - Comparisons of the initial differences between the Adraga, Montpellier and Groningen foun-
dations, relative to differences in previous studies between close-by or the same location.

Year of 
Foundation Comparison Generation !2 "!2/M

2010 Ad_Mo_Gro 6 786.659 0.645

2001 AR_TW 4 42.16 0.152

FWA_FWB 3 25.411 0.197

FWA_NARA 3 0 0

FWA_NARB 3 0 0

FWB_NARA 3 86.675 0.347

FWB_NARB 3 92.782 0.356

NARA_NARB 3 0 0

2005

Variance components for the 2001 and 2005 data reflect the importance of sampling effects (Simões et al. 2008; Santos et al.
2012), while the present study (2010) reflects the impact of history associated with populations from contrasting latitudes in the
European Continent.
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“There is nothing so stable as change.”– Bob Dylan

63



CHAPTER 3

Abstract:

Phenotypic plasticity allows species to cope with environmental variation. The study of thermal

plasticity and its evolution allows to understand how populations respond to variation in tem-

perature. In the context of climate change, it is essential to understand the impact of historical

differences in the ability of populations to exhibit a plastic response to thermal variation and how

it evolves during colonization of new environments. We have analyzed the real-time evolution of

thermal reaction norms of adult and juvenile traits in Drosophila subobscura populations since

foundation in the laboratory from three locations of Europe. These populations were kept at a

constant temperature of 18oC, and were periodically assayed at three experimental temperatures

(13oC, 18oC and 23oC). We found initial differentiation between populations in thermal plasticity

as well as evolutionary convergence in the shape of reaction norms for some adult traits, but not

for any of the juvenile traits. Contrarily to theoretical expectations, an overall better performance

of high latitude populations across temperatures in early generations was observed. Our study

shows that the evolution of thermal plasticity is trait specific and that a new stable environment

did not limit the ability of populations to cope with environmental challenges.

Keywords: Thermal Plasticity, Drosophila, Clinal variation, Experimental Evolution, Reaction

Norms.
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Introduction

In natural settings it is common for spatial and temporal heterogeneity of abiotic or bi-

otic conditions to occur. In face of these (un)predictable changes in environment, populations

will have to respond quickly or risk extinction (Hoffmann & Willi, 2008; Alberto et al., 2013).

Phenotypic plasticity is the ability of a genotype to produce different phenotypes according to

the surrounding environment (Via et al., 1995; Agrawal, 2001; de Jong, 2005; Pigliucci, 2005;

Garland & Kelly, 2006). Therefore, it may be a key trait that allows populations to respond

to environmental changes (Via et al., 1995; de Jong, 2005; Garland & Kelly, 2006; Ghalambor

et al., 2007).

Much theoretical work has been developed with the aim of understanding how plasticity

evolves and is maintained in natural environments (Huey & Kingsolver, 1989; Agrawal, 2001;

de Jong, 2005; Angilletta, 2009; Auld et al., 2010; Murren et al., 2015). In general, models

suggest that adaptive plasticity will evolve if: 1) there is spatially or temporally fluctuating envi-

ronments (Via et al., 1995; Agrawal, 2001; Kassen, 2002; Garland & Kelly, 2006); 2) environ-

mental cues related to heterogeneity are reliable; and 3) plasticity leads to an increase in fitness

and populations have additive genetic variance for plasticity (Garland & Kelly, 2006; Ghalambor

et al., 2007; Auld et al., 2010; Murren et al., 2015). However, evolution of plasticity might be

limited by genetic correlations between traits, lack of genetic variation or ecological or historical

constraints (Auld et al., 2010; Murren et al., 2015). On the other hand, expectations of how

plasticity evolves or is maintained in a homogeneous environment are unclear, depending on the

existence of plasticity costs (Garland & Kelly, 2006; Auld et al., 2010; Murren et al., 2015).

Functional costs of adaptation to homogeneous vs. heterogeneous environments have driven one

of the most common hypotheses for the evolution of plasticity: trade-offs between specialists

vs. generalists (Agrawal, 2001; Kassen, 2002; Angilletta et al., 2003; Garland & Kelly, 2006;

Angilletta, 2009). In this model specialists are characterized by a performance trade-off between

environments, while generalists present an average performance across all environments, at the

cost of never reaching maximum performance (Agrawal, 2001; Kassen, 2002; Garland & Kelly,

2006). Nevertheless, up until now, there is lack of empirical studies supporting the existence

of plasticity costs that would lead to any of the above-mentioned scenario (Kassen, 2002; Gha-
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lambor et al., 2007; Angilletta, 2009; Auld et al., 2010; Ketola et al., 2013; Berger et al., 2014;

Condon et al., 2014; Ketola & Saarinen, 2015; Murren et al., 2015).

The mechanisms through which phenotypic plasticity emerges and/or evolves have be-

come increasingly studied in the last few years (Berger et al., 2013; Ketola et al., 2013; Phillips

et al., 2014; Ketola & Saarinen, 2015). This is mainly driven by the increased awareness of the

anthropogenic effects on environmental changes, with special emphasis on temperature changes

due to global warming. It is well known that temperature is a major factor affecting species dis-

tribution, especially ectotherms (Angilletta et al., 2003; Angilletta, 2009; Phillips et al., 2014).

For these organisms temperature has important effects: it modifies development and growth rate,

and affects the final size of the individual, changing both performance and survival (Huey &

Kingsolver, 1989; Angilletta et al., 2003; Kingsolver et al., 2004; Angilletta, 2009). Predictions

on how temperature affects organismal performance can be extracted from empirical and theo-

retical work on biochemical and thermodynamics (Huey & Kingsolver, 1989; Angilletta et al.,

2003; Somero, 2004; Angilletta, 2009). Namely, it is well known that enzymatic configuration

affects how enzymes function at different temperatures (Angilletta et al., 2003; Somero, 2004),

with more stable configurations allowing for a better performance at higher temperatures, but

poorer performance at low temperatures (Angilletta et al., 2003; Angilletta, 2009). Therefore,

specialist vs. generalist or warm vs. cold trade-offs should govern the evolution of thermal

reaction norms (Huey & Kingsolver, 1989; Gilchrist, 1995; Angilletta et al., 2003; Angilletta,

2009; Berger et al., 2013). The specialists vs. generalists model is directly linked to the “Jack-

of-all-temperatures is a master of none” hypothesis (Huey & Hertz, 1984; Huey & Kingsolver,

1989, 1993; Angilletta et al., 2003; Angilletta, 2009). In this case a trade-off is predicted to oc-

cur between the maximum and the breadth of thermal performance (Huey & Kingsolver, 1989;

Angilletta, 2009). Evolution of thermal reaction norms can occur by vertical shifts or horizontal

shifts (Angilletta et al., 2003). While the first corresponds to allocation and/or acquisition trade-

offs, horizontal shifts are more frequently associated with thermokinetic properties of enzymes

(see Angilletta et al., 2003; Somero, 2004; Berger et al., 2013).

Empirical work on the evolution and maintenance of thermal plasticity has been mainly

focused on using two distinct approaches: the study of thermal performance after evolution
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in homogeneous vs. heterogeneous environments by means of experimental evolution (Kassen,

2002; Ketola et al., 2013; Berger et al., 2014; Condon et al., 2014; Ketola & Saarinen, 2015), and

the characterization of reaction norms in several populations from different latitudes or climates

(Trotta et al., 2006; Yamahira et al., 2007; Liefting et al., 2009; Berger et al., 2013; Klepsa-

tel et al., 2013; Phillips et al., 2014). Evolution in stable vs. fluctuating thermal environments

predicts the appearance of, respectively, specialists in each specific thermal environment and

generalists in the heterogeneous environments (Berger et al., 2014; Condon et al., 2014; Ketola

& Saarinen, 2015). However, few studies have obtained such clear-cut results (Berger et al.,

2013, 2014; Ketola et al., 2013; Condon et al., 2014; Ketola & Saarinen, 2015). On the other

hand, studies using populations derived from different geographical locations have a priori ex-

pectations that populations 1) are subjected to different temperatures; 2) are locally adapted

to those environments (Trotta et al., 2006; Liefting et al., 2009; Berger et al., 2013; Klepsatel

et al., 2013). It is, therefore, expected that maximum performance occurs near the temperature

for which adaptation occurred (Angilletta et al., 2003; Angilletta, 2009), although not all results

fully support these predictions (Yamahira et al., 2007; Berger et al., 2013; Klepsatel et al., 2013).

An additional approach that can help clarify this issue and open new research possibilities is the

study of the evolution of thermal plasticity when initially differentiated populations in nature

colonize a new common environment.

Drosophila subobscura provides an excellent example of the action of natural selection

at a worldwide scale, with documented parallel clinal variation in body size and chromosomal

inversion frequencies in three different continents (Balanyà et al., 2006; Rezende et al., 2010).

Also, this species presents clear genetic responses to global warming (Balanyà et al., 2006),

seasonal variation (Rodrı́guez-Trelles & Rodrı́guez, 1998) and response to sudden heat waves

(Rodrı́guez-Trelles et al., 2013). It also shows genetic variation for heat stress response and

thermal tolerance (Dolgova et al., 2010; Rego et al., 2010; Calabria et al., 2012). Moreover,

in an experimental evolution study performed by Santos and collaborators (Santos et al., 2006;

Santos, 2007), a clear response to selection at different constant temperatures was observed in a

population founded from a single (South American) location. When assaying these populations

at other temperatures, a reduced performance was observed, in particular for populations adapted

67



CHAPTER 3

to the cooler environment (Santos, 2007). This suggests costs of local adaptation to some extent.

However, several questions were not tackled by this experiment, such as: what happens to the

thermal plasticity of populations highly differentiated in nature evolving in a common, stable

environment? Will plasticity differ initially between populations, due to local adaptation to the

previous natural environment? Will populations evolve a similar plastic response in the new

environment? Are patterns of thermal plasticity similar across different life stages (e.g. juvenile

and adult)? Will populations lose plasticity during evolution in the homogeneous environment?

To answer these questions we collected D. subobscura flies from different locations in the

European latitudinal cline and founded three laboratory populations, all maintained in the same

new environment, including a constant temperature of 18oC. We have previously reported fast

convergence for all populations in several phenotypic traits, after as few as 14 generations in

the lab environment (Fragata et al., 2014b). Nevertheless, convergence was not attained at the

inversion frequency level (Fragata et al., 2014a) or in behavioral traits (Bárbaro et al., 2015).

In the present study, we periodically assayed the populations previously described, in both the

temperature where they evolved and at a lower and higher temperature (13 and 23oC) and char-

acterized the evolution of the thermal reaction norm in several juvenile and adult traits. Our aim

was three-fold: 1) to understand if historical constraints will affect plastic response to differ-

ent temperatures; 2) to address possible effects on thermal plasticity of adaptation to a constant

thermal environment and 3) to study how historical differentiation can affect the evolution of

plasticity throughout adaptation to a common, homogeneous environment.

One clear expectation from clinal variation is that populations are locally adapted to dif-

ferent environments (Kawecki & Ebert, 2004; Savolainen et al., 2013). Considering the clinal

variation in Drosophila subobscura, we predict that in the initial generations in the laboratory,

northern populations (subjected to colder environments) will present a higher performance at

lower temperatures, with southern populations presenting the opposite pattern. However, if pop-

ulations are subjected to a more heterogeneous thermal environment - likely at higher latitudes

(see Chown et al., 2004) - a generalist pattern might emerge. Both scenarios will lead to differ-

ences in the shape of the thermal reaction norm across populations. As populations adapt to the

laboratorial, homogeneous environment we expect an increase through time in the performance
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at the selected temperature of 18oC, and smaller increase (due to general adaptation to the lab-

oratory conditions) or even decrease at the two other non-optimal temperatures. Thus, temporal

changes in the shape of the reaction norm are expected. These changes may lead to convergence

of reaction norms between populations, if similar effects of local adaptation or costs of plasticity

are involved. Thus, with this setting, we intend to shed light on how adaptation to new environ-

ments affects the plastic response of differentiated populations to distinct temperatures and how

this ability evolves under a similar thermal regime.

Material and Methods

Founding and Maintenance of populations

Drosophila subobscura samples were obtained in August 2010 from three locations through-

out the European latitudinal cline: Adraga (Portugal), Montpellier (France) and Groningen (Nether-

lands), from which three foundations in the laboratory were derived. The number of founding

females was 234 for Adraga (Ad), 171 for Montpellier (Mo) and 160 for Groningen (Gro) (see

Fragata et al., 2014b). Wild females were kept in separate vials as well as their offspring in the

following two generations to equalize family contributions. During these generations inbreed-

ing was avoided by crossing females with males from different vials (1st laboratory generation)

or derived from a random sample from all vials (2nd generation). At the 3rd generation an equal

number of offspring of each female were randomly mixed, giving rise to the outbred populations.

At the 4th generation overall egg collection of each outbred population was divided in three equal

parts thus originating replicate populations (e.g. Ad1, Ad2 and Ad3 from the Adraga foundation).

Three long established populations founded from a collection in Adraga in 2001 were used as

controls (TA – formerly TW populations –Simões et al., 2008) and assayed synchronously with

the experimental populations. These populations were in the 115th generation at the time of

founding of the new populations.

All populations were maintained under the same conditions with reproduction close to peak

fecundity, with census sizes between 500 and 1200 individuals, synchronous discrete generations

of 28 days, photoperiod of 12 hours of light: 12 hours of darkness at 18oC. Flies were kept in
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vials with controlled density both for eggs (around 70 eggs per vial) and adults (50 adults per

vial). For each population flies emerging in the first 4 to 5 days from a total of 24 vials were

randomized using CO2 anaesthesia. Egg collection was done when with flies had between 8 and

12 days of age, and these eggs originated the following generation (see also Matos et al., 2004;

Simões et al., 2007, 2008; Santos et al., 2012, 2013).

Both adult and juvenile life history traits assays were performed at three different temper-

atures: 13oC, 18oC and 23oC, as described below.

Adult life history traits assays

Adult assays were done at generations 6, 14 and 28 after laboratory foundation. Initial

sample sizes varied between 18 and 24 mated pairs of flies per population, temperature and as-

say. In each assay all flies developed at the normal temperature of maintenance, i.e. 18oC. On

the day of imago emergence three sets of mating pairs were formed and placed in incubators at

one of the three temperatures, except during handling (done at room temperature). For the first

12 days of the assay, flies were transferred daily into fresh medium and the number of eggs laid

per female was counted. At the 12th day, the flies were transferred to agar medium and starva-

tion resistance was assessed. With this assay we estimated three fecundity-related traits: age of

first reproduction (number of days between emergence and the first egg laying – “A1R”), early

fecundity (total number of eggs laid during the first week of life – “F1–7”), and peak fecundity

(total number of eggs laid between days 8 and 12 – “F8–12”). Female and male starvation re-

sistance was estimated as the number of hours until death (registered every 6 h after transfer to

agar – “RF”and “RM”respectively). We also estimated body size (BS) for assayed females at

generations 6 and 28. As a proxy metric for this trait we used wing size estimated by geometric

morphometric analysis. For the wing size measurements, x and y coordinates of 13 morphologi-

cal landmarks of the wing were recorded by using the Fly Wing 15Lmk plug-in implemented in

IMAGEJ 1.33u software (http://rsb.info.nih.gov/ij/). Wing size was estimated as centroid size,

defined as the square root of the sum of the 26 squared Euclidian distances of the 13 landmarks

to the centroid (see Santos et al., 2005; Fragata et al., 2010).
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Juvenile life history traits assays

Juvenile life history traits were assayed at generations 5 and 19. Sample sizes varied

between 8 and 10 vials per population, generation and temperature. Sixty eggs per vial were

collected from a 6-hour period of egg laying. Until egg collection, including the 6-hour period,

adults were maintained at the normal maintenance temperature of 18oC. Vials remained at each

temperature except during short periods of handling (done at room temperature). After 12, 18

and 29 days (1st day of emergence at 23oC, 18oC and 13oC, respectively), vials where checked

for emergences three times per day (9 am, 2 pm and 7 pm) up to a total of 10 days. Number

of emerging males and females was scored at each checkpoint. Female (FDT) and male (MDT)

development time was calculated as the mean total number of hours from egg to emergence of

all flies of a given vial. Viability was estimated for each vial as the ratio between the number of

emerged flies and total number of eggs (60). Female and male development time and viability of

a given population were calculated as the average value across vials from that population.

Statistical methods

Analysis of reaction norms for adult and juvenile life history traits

Preliminary analyses were performed in order to assess which was the best model to de-

scribe the reaction norms in our populations. The models applied were linear, linear-log and

negative exponential, taking into account the distribution of the plotted data. Simple regressions

were performed for each foundation and generation applying these three models. The Akaike in-

formation criteria (AICs) for these regressions were compared, and the model with overall lower

values across foundations and generations was applied to the following analyses. In general, the

best model was the linear-log, except for viability for which the best fit was with the negative

exponential transformation. In all analyses viability data were arcsine transformed.

For both adult and juvenile life-history traits analyses of covariance (ANCOVA) were done

at each generation to test for the presence of plasticity. The following linear model was applied
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to each foundation and generation separately:

Y = µ+ Pop + Temp + Pop ∗ Temp + �, (1)

where Y refers to the trait analysed, Pop refers to the random factor Population (i.e, the

three replicate populations) and Temp refers to the logarithm (log10) of the Temperature used as

covariate (except for viability, for which the negative exponential of temperature was applied).

Nested ANCOVAs were also performed at each generation to test for differences among

foundations in the reaction norms of both adult and juvenile life-history traits. The linear model

used was:

Y = µ+ Found + Pop{Found}+ Temp + Found ∗ Temp + Pop{Found} ∗ Temp + �, (2)

where Y refers to the trait analysed, Found refers to the fixed factor Foundations (the three

categories being Adraga, Montpellier and Groningen), and Pop{Found} refers to the random

factor Populations nested in each Foundation (i.e, the three replicate populations). Whenever

the Found*Temp interaction was significant pairwise ANCOVAs between foundations were per-

formed, using the same model as above. Additionally, to test for initial differences between

foundations, pairwise comparisons between foundations were performed at each temperature at

generation 6. False discovery rate (FDR – Benjamini & Yekutieli (2001)) was applied whenever

pairwise comparisons between foundations were performed (n=3).

To analyse the evolution of plastic response across generations we used as data points

differences between foundations and the average of control TA populations assayed in synchrony,

in order to remove undesired environmental effects. The following nested ANCOVA model was
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applied for all studied traits:

Y = µ+ Found + Pop{Found}+ Temp + Gen + Found ∗ Temp + Found ∗ Gen

+Pop{Found} ∗ Temp + Pop{Found} ∗ Gen + Temp ∗ Gen + Found ∗ Gen ∗ Temp

+Pop{Found} ∗ Gen ∗ Temp + �,

(3)

where Gen refers to Generation, analysed as a covariate. Whenever the Found*Gen*Temp

interaction was significant, pairwise comparisons between foundations were performed, using

the same ANCOVA model as above.

In order to test the effect of body size in the performance of adult flies at different temper-

atures we performed ANCOVAs including as covariate the logarithm (ln) of centroid size values.

For this we added the covariate Body Size and all its interactions to model 2 and 3, using data of

assayed females of generations 6 and 28.

For developmental time an additional analysis was performed, testing for differences be-

tween sexes in the reaction norms at each generation and across generations. For this we added

the factor Sex (with two categories: male and female) and all its interactions to model 2 and 3.

Analysis of fecundity curves at different temperatures

For each population, generation and temperature we applied a linear, second degree poly-

nomial and linear-log regression to the daily fecundity data during the 12 days of the assay, using

Day (from 1 to 12) as independent numerical variable. The model with the lowest AIC score,

which was the second-degree polynomial, was applied to the subsequent analyses.

For each population, each of the two temperatures 18oC and 23oC - and each generation

we calculated the maximum fecundity, as well as the rate of increase in fecundity (between day

one and day of maximum fecundity) and rate of decrease in fecundity (between day of maximum

fecundity and day twelve).

For these parameters we then applied models similar to (2) and (3), but removing the co-

variate temperature and adding the fixed factor Temperature with only two categories (18oC and

23oC).
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Results

Initial variation of reaction norms across populations

• Adult traits

All foundations presented a plastic response to temperature at the initial generation (gen-

eration 6), with higher fecundity, lower starvation resistance and lower age of first reproduction

at 23oC and the opposite performance at 13oC (Fig 1; Table S1- Temperature log10-transformed).

Comparisons between foundations at generation 6 indicated significant differences in the

reaction norms for early fecundity and male starvation resistance (Table 1; see also Table S2B).

Differences in the reaction norms for early fecundity were due to a low increase in performance

between 13oC and 18oC of the Montpellier foundation (Fig. 1; Table S2B). Also, Montpellier

males showed lower starvation resistance than their Groningen counterparts at 13oC (Table S2A;

Fig 1). Differences between foundations in the overall performance across temperatures were

found for age of first reproduction, early fecundity and male starvation resistance (Table 1). This

was mostly due to Groningen populations presenting initial higher fecundity and starvation resis-

tance across temperatures (Fig. 1, Table S2A). When testing the impact of size in fecundity traits,

a significant effect of female wing size on the reaction norms for early fecundity at generation

6 was found (F(1,38.59)=8.761, P=0.005). However, this effect did not differ between foundations

(F(2,16.54)=1.869, P=0.185).

For the analysis of the fecundity curves we applied three different models (linear, linear-

log and second-degree polynomials) to the data of each population, temperature and generation.

In general the second-degree polynomial presented the lowest AIC across populations, temper-

atures and generations. However, at 13oC the polynomial function was inverted in relation to

the other two temperatures, making comparisons with 13oC meaningless (presenting a minimum

and not a maximum fecundity value). Therefore all following analyses will only include com-

parisons between 18oC and 23oC. All polynomial models were highly significant. Differences in

fecundity curves between 18oC and 23oC were analyzed using three parameters: the maximum

fecundity, the increase rate and the decay rate (see Fig 2 and Material and Methods). At gener-
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Figure 1 – Thermal reaction norms for adult traits of all foundations (Ad, Mo, Gro and TA - controls)
in the three assayed generations. A1R - Age of First Reproduction, F17 - Early Fecundity; F812 - Peak
Fecundity; RF - Female Starvation Resistance; RM - Male Starvation Resistance. Error bars correspond
to variation between replicate populations. Ad – light grey circles, solid line; Mo – gray squares, dotted
line; Gro – dark grey diamonds, dashed line; TA – black triangles, dashed line.

ation 6 the three foundations differed significantly both in maximum fecundity, rate of increase

and decay in fecundity (Table S3). In general, fecundity curves changed significantly between

temperatures, with a similar pattern between foundations, having a higher maximum fecundity

and rates of increase and decrease of fecundity at 23oC than 18oC (Table S3).

• Juvenile traits

For all juvenile traits (development time for males and females and viability) a plastic
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Table 1 – Analyses of differences in thermal reaction norms in adult traits (ANCOVA) at each generation
among foundations (Adraga, Montpellier and Groningen). Temperature (log transformed) is defined as a
covariate in the analysis. !"

Generation 
Model 

parameters 

Age of First 

Reproduction 
Early Fecundity Peak Fecundity 

Female Starvation 

Resistance 

Male Starvation 

Resistance 

6 

Found F2,6.01 = 9.025 * F2,6.00 = 14.760 ** F2,6.00 = 3.981 m.s. F2,6.00 = 0.968 n.s. F2,6.00 = 6.974 * 

Temp F1,4.35 = 496.473 *** F1,6.00 = 246.338 *** F1,6.01 = 50.033 *** F1,6.01 = 972.78 *** F1,6.00 = 280.194 *** 

Found*Temp F2,6.01 = 5.071 m.s. F2,6.00 = 16.965 ** F2,6.01 = 1.687 n.s. F2,6.00 = 0.580 n.s. F2,6.00 = 6.150 * 

14 

Found F2,6.01 = 1.378 n.s. F2,6.00 = 0.978 n.s. F2,6.01 = 0.475 n.s. F2,6.01 = 0.447 n.s. F2,6.00 = 4.156 m.s. 

Temp F1,6.01 = 1065.48 *** F1,6.00 = 663.126 *** F1,6.01 = 117.531 *** F1,6.02 = 2500.09 *** F1,6.00 = 2624.58 *** 

Found*Temp F2,6.01 = 1.347 n.s. F2,6.00 = 0.773 n.s. F2,6.01 = 0.340 n.s. F2,6.02 = 0.400 n.s. F2,6.00 = 4.895 m.s. 

28 

Found F2,6.02 = 0.128 n.s. F2,6.02 = 3.519 m.s. F2,6.02 = 0.523 n.s. F2,6.02 = 0.089 n.s. F2,6.01 = 1.130 n.s. 

Temp F1,6.02 = 804.011 *** F1,6.02 = 1302.6 *** F1,6.02 = 294.732 *** F1,6.02 = 1895.5 *** F1,6.01 = 429.092 *** 

Found*Temp F2,6.02 = 0.081 n.s. F2,6.02 = 3.366 n.s. F2,6.02 = 0.607 n.s. F2,6.02 = 0.116 n.s. F2,6.01 = 1.129 n.s. 

"#"Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗

response was observed across foundations at generation 5, with higher development time and

lower viability at 13oC (Fig. 3, Fig. S1 and S2; Table S4). Interestingly, Groningen foundation

presented in general higher development time for females across all temperatures (Fig. 3). Never-

theless, pairwise comparisons at each temperature only indicated significant higher development

time in Groningen females relative to Adraga at 18oC (F(1,4.07)=12.856, P=0.022). At generation

5 there were significant differences in the reaction norms between sexes, with a higher develop-

ment time for females at both 13oC and 18oC and no differences between males and females at

23oC (interaction Sex∗Temperature, see Table S5). In general, either when including or not the

sex of individuals as factor in the analysis, no differences between foundations were found for

the reaction norms of juvenile traits at generation 5 (interaction Found*Temperature, see Table

S4, S5).

Evolution of reaction norms

• Adult traits

When analyzing each foundation separately we observed evolution of plasticity for all

fecundity traits in Adraga, for early and peak fecundity and male starvation resistance in Mont-

pellier and also for early fecundity in Groningen (Table S6). Analyzing reaction norms across
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Figure 2 – Fecundity curves at three distinct temperatures for each foundation (Ad, Mo, Gro and TA -
controls) and generation. 13oC – Light grey, solid line; 18oC – Gray square, dotted line; 23oC – Black
triangle, dashed line.

Table 2 – Analyses of differences in thermal reaction norms in adult traits (ANCOVA) throughout gener-
ations. !"

Model parameters 
Age of First 

Reproduction 
Early Fecundity Peak Fecundity 

Female Starvation 

Resistance 

Male Starvation 

Resistance 

Found F2,6.00 = 11.666 ** F2,6.00 = 10.456 * F2,6.01 = 10.265 * F2,6.00 = 1.763 m.s. F2,6.00 = 5.218 * 

Gen F1,6.01 = 25.180 ** F1,6.01 = 71.916 *** F1,6.02 = 79.570 *** F1,6.01 = 1.696 n.s. F1,6.00 = 17.804 ** 

Temp F1,6.01 = 35.371 ** F1,6.00 = 280.639 *** F1,6.02 = 96.917 *** F1,6.01 = 6.676 * F1,6.00 = 41.348 *** 

Temp*Gen F1,6.01 = 11.686 * F1,6.00 = 12.068 ** F1,6.02 = 45.014 *** F1,6.01 = 0.946 n.s. F1,6.01 = 17.149 ** 

Found*Gen F2,6.01 = 8.379 * F2,6.00 = 3.697 m.s. F2,6.02 = 7.133 * F2,6.01 = 1.200 n.s. F2,6.00 = 1.916 n.s. 

Found*Temp*Gen F2,6.01 = 4.465 m.s. F2,6.00 = 4.391 m.s. F2,6.02 = 4.396 m.s. F2,6.01 = 0.877 n.s. F2,6.00 = 2.006 n.s. 

"#"Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗

foundations between generations, we found significant evolutionary changes for all traits, except

female starvation resistance (Table 2). This corresponds to a general reduction in differences to

the control in the shape of the reaction norm, except for early fecundity in Adraga and Montpel-

lier (Fig. 1, Table S7). Considering the absence of significant temporal changes in the reaction

norm of the controls (Table S6) one can interpret in evolutionary terms the absolute performance

of the experimental populations. In general, temporal changes in the shape of the reaction norms

correspond to a reduction in differences between 18oC and 23oC (Fig. 1).
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The evolution of reaction norms did not differ significantly across foundations, although

marginal effects were found for age of first reproduction, early and peak fecundity (Table 2).

Nevertheless, convergence in the shape of the reaction norms was attained for early fecundity

and male starvation resistance with differences found at generation 6 no longer observed at gen-

erations 14 and 28 (Table 1). Also, increase in the overall performance across temperatures

(vertical shifts in the reaction norm) was observed for fecundity traits (Table 2, Fig. 1). Initial

differences in performance across temperatures (mostly due to comparisons with Groningen –

Table S2A), were not observed at generations 14 and 28 (Table 1).

Figure 3 – Thermal reaction norms for female development time of all foundations (Ad, Mo, Gro and
TA - controls) in the two assayed generations. The three embedded plots in each graph correspond to
the development time values at each temperature – 13oC top, 18oC middle and 23oC bottom. Error bars
correspond to variation between replicate populations. Ad – Light grey circles, solid line; Mo – Gray
squares, dotted line; Gro – Dark grey diamonds, dashed line; TA – Black triangles, dashed line.

When accounting for the impact of female size in the evolution of the reaction norms, foun-

dations still do not show different evolutionary changes in the reaction norms (data not shown).

Analyzing the evolution of fecundity curves we found that both maximum fecundity and rate of
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decay show significant temporal changes in performance at 18oC vs. 23oC (Table S8). In fact,

maximum fecundity increased through time at 18oC reaching similar performance to that of 23oC

by generation 28. On the other hand, a higher reduction in the rate of decay was observed across

generations at 23oC leading to similar performances between temperatures at both generations

14 and 28 (Fig. 2).

• Juvenile Traits

In general no evolutionary changes were found for the reaction norms of juvenile traits

(Fig. 3, Fig. S1 and S2; Table S9). Nevertheless, contrary to generation 5, at generation 19 via-

bility did not present plastic response (Fig. S2, Table S4). Additionally, no evolutionary changes

were found for any juvenile trait (Table S9). Also, when comparing patterns between males and

females, no differences were found in the evolution of the reaction norms for development time

(Temp∗Gen∗Sex term, F(1,884)=0.047, P=0.829).

Discussion

Differences in adult thermal plasticity do not reflect local adaptation to temperature

Our study shows initial variation in thermal plasticity for adult traits (i.e. early fecun-

dity and male starvation resistance) across European Drosophila subobscura populations from

contrasting latitudes. While this variation might be expected as a consequence of historical

evolution in likely thermally contrasting environments in nature, our results do not reflect the

expected effect of local adaptation in the response to temperature. In fact, Groningen popula-

tions, originating from the colder, higher latitude, presented in general a better performance in

adult traits (fecundity and starvation resistance) across assayed temperatures. In contrast with

our data, Santos et al. (2006) and Santos (2007) showed that South American D. subobscura

populations evolving at 13oC showed lower viability and fitness in a warm environment (22oC),

while those evolved at 22oC did not present worst performance in colder temperatures. Dis-

crepancies between studies might be due to a to a low genetic variability in South American

populations (Balanyà et al., 2003; Pascual et al., 2007) which can constrain the plastic response.
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Also, Groningen populations might be generally better suited to the overall challenges of the new

environment, regardless of temperature (see below). Additionally, our results are not in agree-

ment with possible expectations of clinal variation, as the Montpellier populations (which have

an intermediate latitude) present the worst performance in adult traits across environments. In

our case, differences between laboratorial environment and nature may lead to the decoupling

between expectations from local adaptation and what we observe in our data.

The higher performance of Groningen in both early fecundity and starvation resistance

across temperatures suggests a better resource acquisition of these populations in the new envi-

ronment (Service & Rose, 1985). It is also possible that the better performance across tempera-

tures of Groningen populations might result from evolution under a higher temperature hetero-

geneity in nature (Chown et al., 2004). Importantly, our study was able to rule out the higher

body size of Groningen individuals as a potential cause for their superior fecundity performance

(Fragata et al., 2014b). The emergence of a better genotype across a range of temperatures has

been shown in some other studies addressing thermal responses across distinct populations (e.g.

Yamahira et al., 2007; Berger et al., 2013). However, this is not a general finding as studies in

Drosophila have found variation in thermal plasticity for fecundity in differentiated populations

but not better genotypes across environments (Trotta et al., 2006; Klepsatel et al., 2013). The

fact that these latter studies involved populations from more contrasting environments (temperate

vs. tropical environments) might explain the higher variation in thermal plasticity in comparison

with our study. Also, the lower range of temperatures tested in our study, in comparison with

Trotta et al. (2006) and Klepsatel et al. (2013), can facilitate the occurrence of a better genotype

across temperatures.

While, as discussed above, no trade-off across temperatures was found for single traits, a

trade-off between fecundity and starvation resistance was observed across temperatures. This

most likely occurs due to differences in metabolic rates in the different thermal environments

(Angilletta, 2009).

Reduced role of historical differences in thermal plasticity of juvenile traits

Contrary to the patterns observed for fecundity and starvation resistance, development time
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and viability did not show any initial variation in thermal plasticity across populations. Similarly

to our results, a study comparing the thermal reaction norms from D. melanogaster temperate and

tropical populations (Trotta et al., 2006) has also found differences in thermal plasticity across

differentiated populations for fecundity, but not for juvenile traits. However, other studies have

found varying thermal reactions norms for development time across differentiated populations

(Van’t Land et al., 1999; Liefting et al., 2009; Berger et al., 2013). It is possible that both general

lack of genetic variation within populations or trade-offs between development time with other

(namely adult) traits might be constraining the plastic response of juvenile traits that would lead

to differentiation between populations (Murren et al., 2015).

The overall longer development time in Groningen might reflect some degree of geograph-

ical differentiation, with higher development time at higher latitudes. In agreement with this,

Santos et al. (2006) found a higher development time in D. subobscura populations evolving at

a lower temperature (13oC) relative to others evolving at 18oC and 22oC. However, geographical

patterns for development time in Drosophila are not clear, with some studies suggesting higher

development time at lower latitudes (James et al., 1995; Van’t Land et al., 1999) while other do

not (James et al., 1997, see also Santos et al., 2006 for a brief review). In general, the contrasting

patterns found for adult vs. juvenile traits suggest that the evolutionary history experienced in

nature has shaped differently the thermal response of life stages in our populations.

Similar thermal reaction norms of adult traits across evolving populations

Evolution in a constant, homogeneous environment led to a general convergence in the

shape of the thermal reaction norms of early fecundity and male starvation resistance in the

initially differentiated populations. Evolutionary convergence at a constant temperature regime

(18oC) had already been found in these populations for a wide range of adult traits (i.e. life-

histories, physiological and morphological), erasing the initial historical differentiation between

them (see Fragata et al., 2014b). Here we find that convergence between populations also occurs

across other temperatures, to which they are not directly adapting. In fact, the temporal changes

in reaction norms occurred predominantly by vertical shifts, which can be related to an increased

performance as a consequence of adaptation to the new environment.
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Additional changes in the shape of the reaction norm through time were observed for peak

fecundity and age of first reproduction, traits that did not differ initially in reaction norms be-

tween populations. This implies parallel evolution of plasticity between populations. In par-

ticular peak fecundity presented the most conspicuous changes. The evolution of this trait was

towards similarity of performance at 18oC and 23oC, due to a relatively higher increase at 18oC

throughout generations. This effect was also found in daily fecundity curves, which showed

a reduction in maximum fecundity differences between 18 and 23oC across generations. The

similarity of performance at 18oC and 23oC for peak fecundity in more advanced generations

can be due to a weak correlation between temperatures (higher performance at 18oC through

time, with a more stable performance at 23oC). Alternatively, pleiotropic effects between these

two environments might occur (as expected from observations of correlated responses at warmer

temperatures - Huey et al., 1991; Berger et al., 2013), with a limited increase in performance at

23oC due to physiological constraints.

Altogether, the evolution of thermal reaction norms in our study seems more associated

with changes in trait values (i.e. overall increased performance across temperatures), rather than

as a result of selection for specific genes involved in thermal plastic responses or related to

enzymatic thermokinetics (Angilletta et al., 2003; Angilletta, 2009). Our findings are thus in

agreement with other studies using populations from contrasting geographical origins, that show

occurrence of vertical shifts in thermal reaction norms (Yamahira et al., 2007; Klepsatel et al.,

2013). Vertical shifts are likely more common than horizontal shifts, as the latter stem from a

more evolutionary conserved response related to the structural and physiological nature of en-

zymes (Huey & Kingsolver, 1989; Angilletta et al., 2003; Somero, 2004; see also Berger et al.,

2013).

Is thermal plasticity lost in a constant benign environment?

Theory predicts that under a stable environment, plasticity with costs should be lost (De-

witt, 1998; Hall & Colegrave, 2008; Auld et al., 2010; Murren et al., 2015). Also local adapta-

tion leads to the expectation of depressed performance in non-selected environments (Kawecki

& Ebert, 2004). The temporal patterns obtained for the reactions norms do not support either, as
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a peak of performance at 18oC did not evolve as a consequence of laboratory adaptation to that

temperature. In fact, we found that performance at 23oC is always higher or similar to 18oC for

fitness-related, fecundity traits which is in agreement with the notion that warmer is better for D.

subobscura (Santos, 2007). Also, the long-established laboratorial populations do not present a

reduction in performance at 23oC relative to 18oC, thus indicating no long-term costs of plasticity

or local adaptation, at least for warmer temperatures. It is worth noting that for peak fecundity

the evolution shaped the reaction norm towards a plateau between 18oC and 23oC. This suggests

that in this case there were possible limits of plasticity involved, rather than costs (Auld et al.,

2010; Murren et al., 2015).

Several possibilities might explain the general absence of costs in our study. It is possi-

ble that these might only manifest at extreme boundaries of the thermal niche or under limiting

resources (see Auld et al., 2010; Berger et al., 2013; Condon et al., 2015). Nevertheless, it is

worth noting that the detection of high costs of plasticity is in itself quite infrequent. Recent

experimental studies have revealed a widespread pattern of low incidence of plasticity costs (see

reviews in Auld et al., 2010; Murren et al., 2015). Also in accordance with this, the evolution of

specialized genotypes in distinct constant thermal environments has not occurred consistently in

experimental studies (see Ketola et al., 2013; Berger et al., 2014; Condon et al., 2014). Moreover,

if plasticity evolved as a by-product of selection on trait values rather than through specific plas-

ticity genes, as our data suggests, the detection of costs of plasticity might not be straightforward

(Auld et al., 2010).

In contrast with what was observed for adult traits, no changes in juvenile thermal plastic-

ity were found during evolution in the new environment. This finding, coupled with the general

absence of an evolutionary response in juvenile traits during adaptation, again suggests the ef-

fects of evolutionary constraining trade-offs with adult traits (namely between development time

and fecundity) or generally low genetic variability limiting adaptive changes in juvenile traits.

Conclusion

In conclusion, we found that populations from distinct geographical locations along the

European D. subobscura cline presented differential thermal plasticity for relevant adult traits.
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This is most likely a result of historical differences shaping the initial genetic background. Nev-

ertheless, these differences were not in the expected direction considering the predictions from

clinal variation. Furthermore, we found that evolution in a new, common environment led to con-

vergence in the plastic response for some adult traits, erasing differences between populations.

On the other hand, other adult traits showed parallel evolution across foundations. The evolu-

tion of reaction norms for all adult traits occurred mostly through vertical shifts (i.e. increase in

performance) likely as a result of selection. We also found that thermal plasticity patterns are

trait-specific, with juvenile traits presenting no variation in the plastic response either between

populations or across generations. In this context, our study highlights the need to analyze ther-

mal responses across a wide range of traits (i.e. physiological and life-histories) and life stages

(i.e. juvenile and adult) in order to fully understand the genetic and physiological mechanisms

that shape the plastic evolutionary response of populations. Importantly, our study shows that

evolution in a new, constant environment does not appear to have reduced the ability of popula-

tions to respond to different environmental challenges.
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T., Yeaman, S., Whetten, R. & Savolainen, O. 2013. Potential for evolutionary responses to climate change -
evidence from tree populations. Glob. Chang. Biol. 19: 1645–61.

84



CHAPTER 3

Angilletta, M. 2009. Thermal adaptation: a theoretical and empirical synthesis, 1st edn. Oxford University Press,
New York.

Angilletta, M.J., Wilson, R.S., Navas, C.A. & James, R.S. 2003. Trade-offs and the evolution of thermal reaction
norms. Trends Ecol. Evol. 18: 234–240.

Auld, J.R., Agrawal, A. & Relyea, R. 2010. Re-evaluating the costs and limits of adaptive phenotypic plasticity.
Proc. Biol. Sci. 277: 503–11.
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chromosomal polymorphism in colonizing populations of Drosophila subobscura: an evolutionary time series.
Evolution 57: 1837–1845.

Bárbaro, M., Mira, M., Fragata, I., Simões, P., Lima, M., Lopes-Cunha, M., Kellen, B., Santos, J., Varela, S.A.M.,
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Loeschcke, V. & Santos, M. 2012. Hsp70 protein levels and thermotolerance in Drosophila subobscura: a
reassessment of the thermal co-adaptation hypothesis. J. Evol. Biol. 25: 691–700.

Chown, S.L., Sinclair, B.J., Leinaas, H.P. & Gaston, K.J. 2004. Hemispheric asymmetries in biodiversity - A serious
matter for ecology. PLoS Biol. 2: e406.

Condon, C., Acharya, A., Adrian, G.J., Hurliman, A.M., Malekooti, D., Nguyen, P., Zelic, M.H. & Angilletta, M.J.
2015. Indirect selection of thermal tolerance during experimental evolution of Drosophila melanogaster. Ecol.
Evol. 5(9): 1873 – 1880.

Condon, C., Cooper, B.S., Yeaman, S. & Angilletta, M.J. 2014. Temporal variation favors the evolution of general-
ists in experimental populations of Drosophila melanogaster. Evolution 68: 720–728.

de Jong, G. 2005. Evolution of phenotypic plasticity: patterns of plasticity and the emergence of ecotypes. New
Phytol. 166: 101–118.

Dewitt, T.J. 1998. Costs and limits of phenotypic plasticity: Tests with predator-induced morphology and life history
in a freshwater snail. Trends Ecol. Evol.. 13: 77–81.
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Figure S1 – Thermal reaction norms for male development time of all foundations (Ad, Mo, Gro and
TA - controls) in the two assayed generations. The three embedded plots in each graph correspond to
the development time values at each temperature – 13oC top, 18oC middle and 23oC bottom. Error bars
correspond to variation between replicate populations. Ad – Light grey circles, solid line; Mo – Gray
squares, dotted line; Gro – Dark grey diamonds, dashed line; TA – Black triangles, dashed line.

Figure S2 – Thermal reaction norms for viability of all foundations (Ad, Mo, Gro and TA - controls)
in the two assayed generations. Error bars correspond to variation between replicate populations. Ad –
Light grey circles, solid line; Mo – Gray squares, dotted line; Gro – Dark grey diamonds, dashed line; TA
– Black triangles, dashed line.
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Table S1 - Analyses of thermal reaction norms in adult traits (ANCOVA) at each generation for each
foundation.

Generation Foundation Age of First 
Reproduction Early Fecundity Peak Fecundity Female Starvation 

Resistance
Male Starvation 

Resistance

Adraga F1,2.00 = 178.694 ** F1,2.00 = 38.575 * F1,2.00 = 9.195 m.s. F1,2.00 = 783.689 ** F1,2.00 = 40.970 *

Montpellier F1,2.00 = 149.600 ** F1,2.00 = 85.833 * F1,2.00 = 54.269 * F1,2.00 = 186.405 ** F1,2.00 = 110.925 **

Groningen F1,2.00 = 196.381 ** F1,2.00 = 470.419 ** F1,2.01 = 92.211 * F1,2.00 = 371.585 ** F1,2.00 = 407.264 **

Adraga F1,2.00 = 156.065 ** F1,2.00 = 854.627 ** F1,2.00 = 28.045 * F1,2.00 = 441.322 ** F1,2.00 = 433.800 **

Montpellier F1,2.00 = 693.655 ** F1,2.00 = 157.882 ** F1,2.00 = 104.894 ** F1,2.02 = 2160.195 *** F1,2.00 = 2880.189 ***

Groningen F1,2.01 = 980.498 *** F1,2.00 = 176.994 ** F1,2.00 = 32.216 * F1,2.01 = 1074.847 *** F1,2.00 = 1229.164 ***

Adraga F1,2.00 = 139.583 ** F1,2.03 = 1538.013 *** F1,2.01 = 155.054 ** F1,2.01 = 1339.858 *** F1,2.04 = 849.022 **

Montpellier F1,2.01 = 254.018 ** F1,2.00 = 146.545 ** F1,2.00 = 45.502 * F1,2.00 = 324.091 ** F1,2.02 = 1877.548 ***

Groningen F1,2.00 = 2391.786 *** F1,2.00 = 1946.371 *** F1,2.00 = 200.833 ** F1,2.00 = 1045.531 *** F1,2.00 = 61.641 *

6

14

28

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗

Table S2 – Pairwise comparisons in adult traits at generation 6 A) at each temperature; B) between
reaction norms.

A) Pairwise comparisons at each temperature

Temperature Comparisons Age of First 
Reproduction Early Fecundity Peak Fecundity Female Starvation 

Resistance
Male Starvation 

Resistance

Adraga vs Montpellier F1,4.00 = 28.453 **; † F1,4.00 = 9.848 *; m.s. F1,4.00 = 13.756 * F1,4.00 = 0.239 n.s. F1,4.00 = 0.035 n.s.

Adraga vs Groningen F1,4.01 = 14.460 * F1,4.00 = 0.128 n.s. F1,4.00 = 1.637 n.s. F1,4.01 = 14.590 * F1,4.00 = 14.317 *

Montpellier vs Groningen F1,4.00 = 44.768 ** F1,4.00 = 11.760 * F1,4.00 = 18.503 * F1,4.00 = 0.889 n.s. F1,4.01 = 34.313 **

Adraga vs Montpellier F1,4.00 = 16.732 * F1,4.00 = 55.008 ** F1,4.01 = 11.633 * F1,4.00 = 0.001 n.s. F1,4.00 = 0.136 n.s.

Adraga vs Groningen F1,4.00 = 0.846 n.s. F1,4.00 = 1.161 n.s. F1,4.00 = 0.722 n.s. F1,4.00 = 4.231 n.s. F1,4.00 = 5.802 m.s.; n.s.

Montpellier vs Groningen F1,4.00 = 33.117 ** F1,4.00 = 30.061 ** F1,4.00 = 10.471 *; m.s. F1,4.00 = 2.489 n.s. F1,4.00 = 6.052 m.s.; n.s.

Adraga vs Montpellier F1,4.00 = 8.650 *; m.s. F1,4.00 = 20.914 * F1,4.00 = 4.410 n.s. F1,4.01 = 3.790 n.s. F1,4.00 = 0.081 n.s.

Adraga vs Groningen F1,4.00 = 0.230 n.s. F1,4.00 = 8.740 *; m.s. F1,4.00 = 0.417 n.s. F1,4.00 = 19.640 * F1,4.00 = 2.334 n.s.

Montpellier vs Groningen F1,4.01 = 12.920 * F1,4.00 = 50.762 ** F1,4.02 = 35.820 ** F1,4.01 = 3.950 n.s. F1,4.00 = 0.679 n.s.

13

18

23

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗. Significance levels
were also corrected for multiple comparisons using the False Discovery Rate adjustment (see Material and Methods), and are
presented whenever changes in significance relative to uncorrected values occur: 0.055>P>0.027 m.s. (for 0.1> α >0.05);
0.027>P>0.005 †(for 0.05> α >0.01).

90



CHAPTER 3

B) Pairwise comparisons between reaction norms

Comparisons Age of First 
Reproduction Early Fecundity Peak Fecundity Female Starvation 

Resistance
Male Starvation 

Resistance

Adraga vs Montpellier F1,4.01 = 1.797 n.s. F1,4.00 = 9.226 *; m.s. F1,4.00 = 0.0003 n.s. F1,4.00 = 0.0002 n.s. F1,4.00 = 1.644 n.s.

Adraga vs Groningen F1,4.00 = 3.830 n.s. F1,4.00 = 3.754 n.s. F1,4.00 = 1.932 n.s. F1,4.00 = 1.277 n.s. F1,4.00 = 3.215 n.s.

Montpellier vs Groningen F1,4.01 = 9.825 *; m.s. F1,4.00 = 109.55 *** F1,4.02 = 10.167 *; m.s. F1,4.00 = 0.648 n.s. F1,4.00 = 81.450 **; †

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗. Significance levels
were also corrected for multiple comparisons using the False Discovery Rate adjustment (see Material and Methods), and are
presented whenever changes in significance relative to uncorrected values occur: 0.055>P>0.027 m.s. (for 0.1> α >0.05);
0.027>P>0.005 † (for 0.05> α >0.01).

Table S3 – Analyses of differences in thermal reaction norms for the fecundity curves (ANOVA) at
each generation among foundations (Adraga; Montpellier and Groningen). For each foundation and
temperature a second degree polynomial function was applied to explain changes in fecundity throughout
the 12 days of assay. Maximum fecundity corresponds to the maximum of the function. Rate of increase
corresponds to the slope defined by the initial minimum to the maximum. Rate of decay corresponds to
the slope between maximum and the final minimum (12th day of the assay).

Generation Model 
Parameters

Maximum 
Fecundity

Rate of Increase in 
Fecundity

Rate of Decrease 
in Fecundity

Found F2,6 = 31.539 ** F2,6 = 43.500 ** F2,6 = 40.516 **

Temp F1,6 = 16.801 * F1,6 = 47.502 ** F1,6 = 30.986 *

Found*Temp F2,6 = 0.092 n.s. F2,6 = 0.415 n.s. F2,6 = 2.299 n.s.

Found F2,6 = 0.245 n.s. F2,6 = 0.147 n.s. F2,6 = 0.053 n.s.

Temp F1,6 = 38.492 ** F1,6 = 111.235 *** F1,6 = 165.003 ***

Found*Temp F2,6 = 5.470 * F2,6 = 3.221 n.s. F2,6 = 0.913 n.s.

Found F2,6 =0.927 n.s. F2,6 = 2.131 n.s. F2,6 = 2.890 n.s.

Temp F1,6 = 22.451 * F1,6 = 181.681 *** F1,6 = 60.480 **

Found*Temp F2,6 = 2.680 n.s. F2,6 = 4.259 m.s. F2,6 = 0.951 n.s.

6

14

28

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗
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Table S4 – Analyses of differences in thermal reaction norms in Juvenile traits (ANCOVA) at each gen-
eration among foundations (Adraga; Montpellier and Groningen). Temperature is defined as a covariate
in the analysis and was log transformed for development data, while for viability a negative exponential
transformation was applied.

Generation Model 
parameters

Female Development 
Time

!"#$%&$'$#()*$+,%
-.*$

/."0.#.,1

Found F2,6.09 = 0.142 n.s. F2,6.11 = 0.099 n.s. F2,6.02 = 1.217 n.s.

Temp F1,6.14 = 9474.29 *** F1,6.16 = 9699.8 *** F1,6.09 = 11.198 *

Found*Temp F2,6.09 = 0.201 n.s. F2,6.11 = 0.136 n.s. F2,6.06 = 0.570 n.s.

Found F2,6.76 = 1.211 n.s. F2,6.82 = 0.757 n.s. F2,6.07 = 0.888 n.s.

Temp F1,7.08 = 10912.8 *** F1,7.15 = 11086.0 *** F1,6.83 = 1.246 n.s.

Found*Temp F2,6.91 = 1.072 n.s. F2,6.97 = 0.605 n.s. F2,6.72 = 0.218 n.s.

5

19

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗

Table S5 – Analyses of differences in reaction norms of development time between sexes at each gener-
ation.

Generation Model parameters F(df1, df2)

Sex F1,13.01 = 22.742 ***

Temp*Sex F1,12.79 = 19.978 ***

Found*Temp*Sex F2,10.13 = 0.115 n.s.

Sex F1,106.24 = 4.409 *

Temp*Sex F1,101.91 = 2.949 m.s.

Found*Temp*Sex F2,82.42 = 0.406 n.s.

5

19

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗
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Table S6 – Analyses of evolution in reaction norms of adult traits, for each foundation and the controls.

Foundation Age of First 
Reproduction Early Fecundity Peak Fecundity Female Starvation 

Resistance
Male Starvation 

Resistance

Adraga F1,2.03 = 70.003 * F1,2.00 = 22.753 * F1,2.01 = 24.164 * F1,2.00 = 0.009 n.s. F1,2.01 = 7.615 n.s.

Montpellier F1,2.00 = 6.337 n.s. F1,2.00 = 31.205 * F1,2.00 = 23.439 * F1,2.00 = 0.015 n.s. F1,2.00 = 31.424 *

Groningen F1,2.00 = 0.126 n.s. F1,2.00 = 128.943 ** F1,2.00 = 2.831 n.s. F1,2.00 = 7.168 n.s. F1,2.00 = 1.364 n.s.

TA (Control) F1,2.00 = 7.173 n.s. F1,2.00 = 0.116 n.s. F1,2.00 = 16.383 m.s. F1,2.00 = 146.395 ** F1,2.00 = 3.319 n.s.

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗

Table S7 – Pairwise comparisons of the reaction norms for adult traits, between foundations and controls
at each generation.

Generation Pairwise Comparison Age of First 
Reproduction Early Fecundity Peak Fecundity Female Starvation 

Resistance
Male Starvation 

Resistance

Adraga vs TA F1,4.00 = 9.629 *; m.s. F1,4.00 = 37.603 ** F1,4.00 = 3.923 n.s. F1,4.01 = 14.463 * F1,4.00 = 4.334 n.s.

Montpellier vs TA F1,4.01 = 17.500 * F1,4.00 = 572.654 *** F1,4.00 = 6.682 m.s.; n.s. F1,4.00 = 4.580 n.s. F1,4.00 = 18.054 *

Groningen vs TA F1,4.00 = 0.733 n.s. F1,4.00 = 89.528 ***; †† F1,4.00 = 1.915 n.s. F1,4.00 = 2.171 n.s. F1,4.00 = 0.700 n.s.

Adraga vs TA F1,4.00 = 0.124 n.s. F1,4.00 = 12.840 * F1,4.00 = 0.075 n.s. F1,4.01 = 0.199 n.s. F1,4.00 = 1.226 n.s.

Montpellier vs TA F1,4.00 = 1.381 n.s. F1,4.00 = 7.402 m.s. F1,4.00 = 0.0003 n.s. F1,4.01 = 0.095 n.s. F1,4.00 = 1.900 n.s.

Groningen vs TA F1,4.01 = 10.401 *; m.s. F1,4.00 = 4.340 n.s. F1,4.00 = 0.111 n.s. F1,4.01 = 0.058 n.s. F1,4.00 = 0.008 n.s.

Adraga vs TA F1,4.01 = 0.117 n.s. F1,4.02 = 22.021 **; † F1,4.01 = 0.023 n.s. F1,4.02 = 6.095 m.s.; n.s. F1,4.01 = 0.726 n.s.

Montpellier vs TA F1,4.01 = 0.296 n.s. F1,4.01 = 12.109 * F1,4.00 = 0.313 n.s. F1,4.01 = 2.864 n.s. F1,4.00 = 0.199 n.s.

Groningen vs TA F1,4.00 = 0.884 n.s. F1,4.00 = 6.663 m.s.; n.s. F1,4.00 = 0.069 n.s. F1,4.01 = 2.864 *; m.s. F1,4.00 = 0.298 n.s.

6

14

28

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗. Significance levels
were also corrected for multiple comparisons using the False Discovery Rate adjustment (see Material and Methods), and are
presented whenever changes in significance relative to uncorrected values occur: 0.055>P>0.027 m.s. (for 0.1> α >0.05);
0.027>P>0.005 † (for 0.05> α >0.01); 0.005>P>0.0005 †† (for 0.01> α >0.001).
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Table S8 – Analyses of differences in reaction norms, between foundations in the evolution of fecundity
curves.

Model Parameters Maximum Fecundity Rate of Increase in 
Fecuntity

Rate of Decrease in 
Fecuntity

!"#$% F2,6 = 28.846 *** F2,6 = 27.209 *** F2,6 = 11.330 **

&'$ F1,6 = 188.773 *** F1,6 = 188.341 *** F1,6 = 107.697 ***

Temp F1,6 = 15.916 ** F1,6 = 2.318 n.s. F1,6 = 20.128 **

Found*Gen F2,6 = 8.697 * F2,6 = 8.850 * F2,6 =4.322 m.s.

Temp*Gen F1,6 = 10.536 * F1,6 = 2.018 n.s. F1,6 = 9.613 *

Found*Temp*Gen F2,6 = 2.713 n.s. F2,6 = 0.508 n.s. F2,6 = 0.237 n.s.

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗.

Table S9 – Analyses of differences in the evolution of juvenile reaction norms between foundations.

Model parameters Female Development 
Time

!"#$%&$'$#()*$+,%
-.*$

/."0.#.,1

Gen F1,6.04 = 0.159 n.s. F1,6.44 = 0.877 n.s. F1,6.18 = 0.885 n.s.

Found F2,6.06 = 0.852 n.s. F2,6.44 = 0.847 n.s. F2,6.18 = 0.882 n.s.

Temp F1,6.07 = 15.554 ** F1,6.38 = 0.839 n.s. F1,6.82 = 0.834 n.s.

Temp*Gen F1,6.04 = 0.533 n.s. F1,6.37 = 0.877 n.s. F1,6.82 = 0.833 n.s.

Found*Gen F2,6.04 = 0.495 n.s. F2,6.43 = 0.825 n.s. F2,6.18 = 0.882 n.s.

Found*Temp*Gen F2,6.04 = 0.439 n.s. F2,6.37 = 0.830 n.s. F2,6.81 = 0.825 n.s.

Note: significance levels: P>0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01∗; 0.01>P>0.001∗∗; P<0.001∗ ∗ ∗.
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Abstract

Chromosomal inversions are present in a wide range of animals and plants,
having an important role in adaptation and speciation. Although empirical
evidence of their adaptive value is abundant, the role of different processes
underlying evolution of chromosomal polymorphisms is not fully under-
stood. History and selection are likely to shape inversion polymorphism var-
iation to an extent yet largely unknown. Here, we perform a real-time
evolution study addressing the role of historical constraints and selection in
the evolution of these polymorphisms. We founded laboratory populations
of Drosophila subobscura derived from three locations along the European
cline and followed the evolutionary dynamics of inversion polymorphisms
throughout the first 40 generations. At the beginning, populations were
highly differentiated and remained so throughout generations. We report
evidence of positive selection for some inversions, variable between founda-
tions. Signs of negative selection were more frequent, in particular for most
cold-climate standard inversions across the three foundations. We found
that previously observed convergence at the phenotypic level in these popu-
lations was not associated with convergence in inversion frequencies. In
conclusion, our study shows that selection has shaped the evolutionary
dynamics of inversion frequencies, but doing so within the constraints
imposed by previous history. Both history and selection are therefore funda-
mental to predict the evolutionary potential of different populations to
respond to global environmental changes.

Introduction

Polymorphic chromosomal rearrangements, such as
inversions, are frequently found to be associated with
climatic gradients and are known to play an important
role in local adaptation and speciation (Dobzhansky,
1970; Krimbas, 1992; Noor et al., 2001; Balany"a et al.,
2003, 2006; Hoffmann et al., 2004; Umina et al., 2005;

Hoffmann & Rieseberg, 2008; Kirkpatrick, 2010; Lowry
& Willis, 2010; Ayala et al., 2012, 2014). A key effect of
inversions is to reduce and redistribute recombination,
which impinges on patterns of nucleotide diversity in
those genomic regions close to, or included in, the
inverted fragments (Hasson & Eanes, 1996; Navarro
et al., 2000; Andolfatto et al., 2001; Laayouni et al.,
2003; Munt!e et al., 2005). The suppression of meiotic
recombination in heterokaryotypes may facilitate cap-
ture of locally adaptive alleles across multiple linked
loci and allow inversions to spread through a local
population (Dobzhansky, 1970; Kirkpatrick & Barton,
2006; Kirkpatrick, 2010). Moreover, chromosomal
inversions have been shown to track environmental
changes, such as seasonal variation (Rodr!ıguez-Trelles
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et al., 1996) and global warming (Balany"a et al., 2006,
2009; Hoffmann & Rieseberg, 2008). Chromosomal
inversions are thus likely candidates to have an impor-
tant role in adaptation to new environments or to
respond to short-term environmental shifts.
Drosophila subobscura provides one of the clearest

examples of adaptive inversion polymorphism. In ear-
lier studies, the geographical distribution of polymor-
phism of gene arrangements of D. subobscura was
interpreted as being mainly shaped by historical events
(Krimbas & Loukas, 1980). More recent empirical data
supports that natural selection is a key force acting on
the inversion polymorphism of this species. Indeed,
D. subobscura shows repeatable latitudinal clinal varia-
tion for inversions in three continents (Prevosti et al.,
1988; Balany"a et al., 2003, 2006), as well as remarkable
seasonal variation in inversion frequencies (Rodr!ıguez-
Trelles et al., 1996, 2013). Furthermore, its inversion
polymorphism also presents a clear response both to
global warming (Balany"a et al., 2006, 2009) and to
extreme thermal events in nature (Rodr!ıguez-Trelles
et al., 2013). Finally, laboratory experiments have suc-
cessfully linked these polymorphisms with physiological
traits such as thermal preference and tolerance (Dolg-
ova et al., 2010; Rego et al., 2010; Calabria et al., 2012),
life-history traits (Santos et al., 1986; Santos, 2009) and
morphological traits (wing size and shape; see Orengo
& Prevosti, 2002; Fragata et al., 2010).
Some classical studies in Drosophila have analysed the

evolution of inversion frequencies in controlled labora-
tory environments to clarify the selective mechanisms
acting on these polymorphisms and have obtained a
variety of results (Wright & Dobzhansky, 1946; Lewon-
tin, 1958; Krimbas, 1967; Anderson et al., 1972; Watan-
abe & Watanabe, 1977; Inoue, 1979). Lack of proper
replication was, however, an important caveat in some
of these experiments (e.g. Krimbas, 1967; Watanabe &
Watanabe, 1977; Inoue, 1979). A synchronous evolu-
tionary analysis of replicated sets of populations initially
differentiated in nature is clearly lacking. Moreover,
few studies have analysed how historical differences in
inversion polymorphisms affect the ability of popula-
tions to respond to new environmental conditions. This
is particularly important considering the homogenizing
effect of global warming and evidence of its impact on
inversions.
Recently, we have studied the impact of prior history,

selection and drift in phenotypic traits during adapta-
tion to a new laboratory environment, using D. subobs-
cura populations derived from three distinct latitudes in
the European cline (Fragata et al., 2014). Historical con-
straints did not play a major role during adaptation, as
complete convergence between populations occurred
for life-history, physiological and morphological (body
size) traits after only 14 generations since laboratory
introduction. Nevertheless, phenotypic convergence
does not necessary imply genetic convergence. It is thus

an open question whether convergence is also observed
for inversion polymorphisms.
In this study, we analyse the evolutionary patterns of

inversion frequency changes in these populations and
study the impact of evolutionary forces (namely his-
tory, genetic drift and selection) in this variation. Ulti-
mately, this study will shed light on the role of
historical constraints vs. selection in the evolution of
inversion frequencies in a new environment, and their
importance in the ability to adapt to environmental
changes in general.

Materials and methods

Founding and maintenance of laboratory
populations

Flies were collected in August 2010 from three loca-
tions across Europe: Adraga (Portugal), Montpellier
(France) and Groningen (the Netherlands). The number
of founding females was 234 for Adraga, 171 for Mont-
pellier and 160 for Groningen. These were used to
establish three foundations in the laboratory: ‘Ad’ (Ad-
raga), ‘Mo’ (Montpellier) and ‘Gro’ (Groningen). Each
foundation was maintained in separate families, each
derived from one wild female. Inbreeding was avoided
by crossing females with males from different lines at
the 1st generation and with a random sample of males
from all lines in the 2nd generation. At generation 3, a
large outbred population was generated with the con-
tribution of all families of a given foundation (see
details in Fragata et al., 2014). All foundations were
threefold-replicated at generation 4.
Populations were maintained under standard labora-

tory conditions (Matos et al., 2002; Sim~oes et al., 2007,
2008; Fragata et al., 2014), involving synchronous dis-
crete generations of 28 days, reproduction close to peak
fecundity, photoperiod of 12h of light: 12h of dark at
18 °C and 1200 individuals. Flies were kept in vials
with controlled density both for eggs (around 70 per
vial) and adults (around 50 per vial). At each genera-
tion, flies emerging from the several vials of a given
population were thoroughly randomized 4–5 days after
emergence, using CO2 anaesthesia. Egg collection for
the next generation was done 1 week later.

Chromosomal inversions

Chromosomal inversions were scored at generations 2,
6, 15, 25 and 40 in all populations (three replicate pop-
ulations per foundation, except at generation 2, not yet
replicated). They were determined by scoring one 3rd
instar female larva originated from individual crosses of
males from the populations with virgin females from
the chcu marker strain (Balany"a et al., 2004; Sim~oes
et al., 2012). These males were obtained directly from
the population at all generations, except at generation
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2, where males were originated from a brother–sister
cross performed at generation 1. The number of indi-
viduals analysed per population and generation was as
follows: generation 2 – 159 individuals for Adraga, 115
for Montpellier and 127 for Groningen; generations 15
and 40 – around 60 individuals per replicate popula-
tion; and generations 6 and 25 – around 100 males per
replicate population. Here, we follow the convention in
Krimbas & Loukas (1980), and overlapping inversions
on a given chromosome are indicated by a continuous
line running below the numbers designating the inver-
sions. Inversions on the same chromosome but not
overlapping are indicated by a broken line running
below the numbers.

Statistical methods

Diversity and differentiation in chromosomal
polymorphism
Chromosomal diversity for each chromosome, founda-
tion and generation was estimated as expected heterozy-
gosity (He) and allelic richness. He was measured for each
population and generation as 1!

Pk
i"1 p

2
i , with pi being

the relative frequency of chromosomal arrangement i.
Allelic richness was estimated as number of segregating
arrangements weighted by minimum sample size
(n = 60). These parameters were estimated using FSTAT
v2.9.3.2 (Goudet, 2001). Differences in polymorphism
were assessed with ANCOVAs using the following model:

Y " l# Found # Gen# Chr # Found $ Gen# Chr $ Gen
# Found $ Chr # Found $ Chr $ Ger # e;

(1)

where Y refers to He or allelic richness, Found corre-
sponds to the three foundations, Chr refers to the five
chromosomes, and Gen corresponds to the several gen-
erations assayed, as covariate (generations 2–40).
Differentiation in chromosomal inversions was esti-

mated between foundations within generations and for
each foundation between generations 6 and 40, using a
hierarchical AMOVA, with foundations and replicate
populations nested within foundations (Theta-f). Theta-f
values were obtained through GDA (Lewis & Zaykin,
2001).

Temporal changes in inversions frequencies
All analyses of temporal changes of frequencies of
inversions were performed excluding data from genera-
tion 2 due to lack of replication. This allowed to analyse
the temporal dynamics based in three fully independent
data sets for each foundation.
A principal component analysis (PCA) using a corre-

lation matrix was applied to transformed inversion fre-
quency data (2*square root of inversion frequency,
following Balany"a et al. (2006)) of all chromosomal
arrangements, across populations and generations. To
analyse temporal changes in inversion frequencies, an

ANCOVA model was applied on the PC1 coordinates
(which explained 36.96% of total variation) as follows:

Y " l# Found # RepfFoundg# Gen# Gen $ Found # e;
(2)

where Y refers to the PC1 coordinates, Found corre-
sponds to the three foundations, Rep (Replicate) nested
within foundation corresponds to the three replicate
populations of each foundation (random factor), and
Gen corresponds to the generations assayed (as covari-
ate).
To test for differences in temporal dynamics of spe-

cific inversions, we applied an ANCOVA model similar to
the one described above on arcsine-transformed fre-
quencies of each inversion. Only inversions that pre-
sented an average frequency of at least 5% across
generations and foundations were analysed this way.
We further analysed the multivariate trajectories for

inversion frequencies using the method described in
Adams & Collyer (2009). We thus estimated differences
between pairs of foundations in magnitude (differences
between first and the last generations), direction (stan-
dardized differences between angles of the first axis of
the PCA) and shape (deviations of corresponding gener-
ations between two scaled and aligned trajectories). To
estimate statistical significance of these differences,
9999 residual randomization permutations were per-
formed. We used the rgl package (Adler & Murdoch,
2012) in R (R Core Development Team, 2008) for mul-
tivariate analyses. To estimate the Euclidean distance
between each pair of foundations at generations 6 and
40, we used average scores across replicate populations
per foundation for each principal component (a total of
29). To calculate the Euclidean distance significance a
null distribution was created using 9999 permutations
of replicate populations between foundations at each
generation.
Significance of changes in frequency of specific inver-

sions between generation 6 and 40 was assessed by
Cochran–Mantel–Haenszel (CMH statistic) chi-squared
test, which allows testing for differences in replicated
systems (Landis et al., 1978). Adjustment for multiple
testing followed the false discovery rate (FDR) proce-
dure of Benjamini & Yekutieli (2001, theorem 1.3).
This correction was applied to 11 tests performed for
Adraga and Groningen and 13 tests for Montpellier.
To test whether changes in inversion frequencies

obtained from the CMH statistic could be explained
solely by genetic drift, 9999 simulations were per-
formed for each arrangement and replicate. Using gen-
eration 6 as the starting point, we simulated, using the
multinomial distribution (under a Wright–Fisher model,
assuming only drift and no mutation or migration), the
evolution of allele frequencies up to generation 40.
P-values were defined as the proportion of simulations
that provided equal or higher values than the observed
data (equal or lower in case of decreasing inversion fre-
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quencies) – see details in Additional Material and
Methods (Data S1).
For inversions with evolutionary dynamics suggesting

selection, we tested different models (dominance, addi-
tivity and recessiveness; see Table 1) following
Rodr!ıguez-Trelles et al. (2013) and a range of selective
coefficients from 0.01 to 0.5, in 0.01 increments. The
range of selection coefficients chosen for further analy-
sis was defined considering the best fit between
expected and observed data using the Kolmogorov–
Smirnov Statistics (D) (see example for O3+4+7 in Ad3 –
Fig. S1). For each selective coefficient inside the chosen
range, we simulated 1000 times the evolution of inver-
sion frequencies with both drift and selection. We then
used two different approaches to measure the fit of the
output: average of mean residuals of each simulation to
the real inversion frequency and average of the D sta-
tistic. The selective coefficient that provided the best fit-
ted model in each case was the one with lower mean
residual or D statistic (see example for O3+4+7 in Ad3 –
Fig. S2). To define the best model, we plotted the 95%
confidence interval of expected frequencies at each
generation and used information from the mean residu-
als, D statistic and visual inspection (see details in Addi-
tional Material and Methods [Data S1]).

Results

Diversity and differentiation in chromosomal
polymorphism

Analysis of inversion frequencies in the initial genera-
tions (G2 and G6) reflects previously described latitudi-
nal clinal patterns found in nature (Balany"a et al.,
2003), most markedly for A2, AST, EST, E1+2+9, E1+2+9+3,
E1+2+9+12, OST, O3+4, UST and U1+8+2 (Table S1; Fig. 1).
Some of these inversions presented a significant evolu-
tionary dynamics across generations.
Overall, variation in levels of polymorphism (both He

and allelic richness) was observed across chromosomes
(ANCOVA, He: F(4,162) = 5.41, P = 0.0004; allelic richness:
F(4,165) = 74.85, P < 0.0001), with consistently lower

values for A and J chromosomes across foundations
and generations.
In general, inversion heterozygosity did not differ

between foundations, with an overall significant
decrease throughout generations (ANCOVA, F(1,162) =
103.96, P < 0.0001; see Fig. S3). Differences in these
temporal dynamics were observed across chromosomes
(F(4,162) = 15.17, P < 0.0001) and foundations (F(2,162) =
6.43, P = 0.0021), in this last case due to more stable
heterozygosity of Groningen foundation (pairwise
ANCOVAs: Ad-Gro: F(1,107) = 14.663, P = 0.00022; Mo-
Gro: F(1,110) = 4.815, P = 0.030; Ad-Mo: F(1,107) = 1.929,
P = 0.168; see Fig. S3 and Table S2). Allelic richness was
different between foundations (F(2,165) = 5.24, P =
0.0062), with Montpellier presenting higher values. As
found for He, an overall decrease was observed through-
out generations (F(1,165) = 40.82, P < 0.0001) and differ-
ences in this decrease were found across chromosomes
(F(4,165) = 10.11, P < 0.0001) and also across founda-
tions (F(2,165) = 3.72, P = 0.0263), with Montpellier
showing a steeper decline than Groningen (pairwise
ANCOVA, Mo-Gro: F(1,110) = 8.873, P = 0.0036).
Foundations differed significantly in inversion fre-

quencies in all generations, but the overall level of dif-
ferentiation between them did not generally increase
through time (Table 2). Pairwise tests between founda-
tions only detected nonsignificant results for Montpellier
vs. Groningen comparison at generation 15, and Adraga
vs. Montpellier at generation 40 (Table 2). Between
generations 6 and 40, a significant increase in differenti-
ation was only found between Montpellier and Gronin-
gen (Table 2). All foundations showed a significant
differentiation in inversion frequencies between genera-
tions 6 and 40, with Montpellier presenting higher
Theta-f values: Ad – 0.199 (CI: 0.117–0.242); Mo –
0.268 (CI: 0.123–0.352); Gro – 0.138 (CI: 0.070–0.213).

Multivariate analysis of chromosomal
polymorphisms

A principal component analysis was performed on
transformed inversion frequencies, using data from
generations 6 to 40, for all replicate populations of the

Table 1 Selection models for inversion frequency changes.

Selection models

Relative fitness of karyotypes (e.g. for A2)
pt+1 (positive

selection – A2, E1+2+9+12)

1-pt+1 (negative

selection – AST, O3+4+7)A2/A2 A2/AOther AOther/AOther

Dominance (h = 0) 1 1 1-s
s%q2

t %pt
1!&s%q2t '

# pt
s%qt%p2t

1!&2s%qt '#s%q2t
# pt

Additivity (h = 1/2) 1 1-0.5s 1-s
1
2s%qt%pt
1!&s%qt ' # pt

1
2s%qt%pt
1!&s%qt ' # pt

Recessiveness (h = 1) 1 1-s 1-s
s%qt%p2t

1!&2s%qt '#s%q2t
# pt

s%q2
t %pt

1!&s%q2t '
# pt

pt+1 (positive selection) and 1-pt+1 (negative selection) correspond to the frequency of the studied inversion in the next generation (t + 1)

and s to the selective coefficient (positive constant). As in Rodr!ıguez-Trelles et al. (2013), these models have several assumptions: random

mating population; selection acting solely on egg to adult viability; diallelic locus (in the example, Aothers includes all the arrangements

present in chromosome A, except the A2) – see also Material and Methods for further details.
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three foundations. The first axis explained 36.96% and
the second axis explained 12.74% of the total variation.
Whereas the first axis reflected predominantly historical
differentiation in the wild, the second axis accounted
for changes during laboratory evolution. Inversions
with a higher contribution in the first axis were A2,
E1+2+9+12, O3+4 and U1+8+2 vs. A1, AST, EST, E1+2, OST

and UST. For the second axis, the inversions with a

higher weight were J1, O3+4+12 and O3+4+13+12 vs.
E1+2+9, JST and O3+4+7 (see Fig. 2).
Using the overall PCA data, we performed a multi-

variate evolutionary trajectory analysis (Adams &
Collyer, 2009). We analysed three different parame-
ters: magnitude (rate of response), direction (conver-
gence vs. divergence) and shape (evolutionary path)
of the trajectories. Pairwise comparisons between
foundations showed differences in magnitude between
Groningen and Montpellier, differences in direction
between all foundations, and no differences in the
shape of the trajectory (Table 3, Fig. 2). To determine
whether foundations were differentiated in multivari-
ate space at generations 6 and 40, we calculated
Euclidean distances between pairs of foundations at
each generation. For all comparisons, distances were
significant, without any clear tendency to decrease
(see Table 3c).
An ANCOVA using the PC1 coordinates showed overall

differences between foundations (F(2,24) = 40.09,
P < 0.0001) and temporal changes across generations
(F(1,24) = 100.56, P < 0.0001). These temporal changes
were different across foundations (foundation*genera-
tion term F(2,24) = 7.20, P = 0.0036). Altogether, this
indicates historical differentiation between foundations,
overall evolutionary dynamics in the laboratory and
impact of genetic background on the dynamics of dif-
ferent foundations.

Fig. 1 Frequency of chromosomal

arrangements across generations and

foundations. Ad – Adraga; Mo–
Montpellier; Gro – Groningen. Error

bars correspond to the standard error

calculated from the differences among

the three replicate populations of each

foundation.

Table 2 Hierarchical analyses of the genetic differentiation

(Theta-f) between foundations and generations for inversion

frequencies. Upper and lower CI intervals (95%) were obtained

after 5000 bootstrap iterations across chromosomes.

Theta-f Gen 6 Gen 15 Gen 25 Gen 40

Overall 0.187 0.133 0.136 0.199

Lower CI 0.114 0.069 0.069 0.133

Upper CI 0.247 0.188 0.201 0.254

Ad vs. Mo 0.199 0.152 0.063 0.067

Lower CI 0.110 0.069 0.007 !0.013

Upper CI 0.276 0.227 0.109 0.161

Ad vs. Gro 0.289 0.214 0.269 0.357

Lower CI 0.178 0.113 0.168 0.263

Upper CI 0.381 0.295 0.357 0.428

Mo vs. Gro 0.045 0.019 0.052 0.118

Lower CI 0.013 !0.015 0.015 0.092

Upper CI 0.085 0.072 0.159 0.138
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The ANCOVA on specific inversions indicated signifi-
cant response across foundations for inversions A1,
A2, AST, E1+2, E1+2+9+12, EST, J1, U1+8+2 and U1+2.
Also, differences in evolutionary dynamics between
foundations were found for A1, O3+4, U1+2 and U1+8+2

(Table S3, Fig. 1). We further focus on processes that
might explain temporal changes in inversion frequen-
cies.

Evolutionary dynamics of specific inversions

The Cochran–Mantel–Haenszel chi-squared test
(Table 4) was applied to inversions with frequencies
higher than 5% in all populations, and also to those
that presented more than 5% change in frequency
between generations 6 and 40, at least for one founda-
tion. Significant changes between these two genera-
tions were obtained for several of the most frequent
inversions (see Table 4), with the exception of inver-
sions OST in both Groningen and Montpellier, A1 and
U1+8+2 in Groningen and O3+4+8 in Montpellier.
To test whether changes in inversions frequencies

were significantly different from neutral expectations,
we performed simulations on data of specific inversions
presenting a significant CMH statistic. Significant depar-
ture from neutral expectations in at least two of the
three replicate populations (after FDR correction) was
obtained for A2 (also AST because Adraga only has two

inversions in this chromosome) and O3+4+7 for Adraga;
and A2, AST and E1+2+9+12 for Montpellier (see Table 4).
For these inversions different selective models (dom-

inance, additivity and recessiveness; see Table 1) and a
range of selective coefficients were tested. In the case
of O3+4+7 in Adraga, we obtained the best fit with an
additive model for all replicate populations, consider-
ing both lower residuals and D, and also after visual
inspection of various models (Table 5, Fig. 3). The
range of the best selective coefficients was between
0.18 and 0.27 (Table 5). On the other hand, frequency
changes for A2 in Adraga could not be attributed to
any particular model in two tested populations (Ad2
and Ad3). In fact, A2 changes could be explained by a
recessive model with a low selective coefficient or by
an additive model with a higher selective coefficient.
As for A2 changes in the Montpellier populations
(Mo1 and Mo3), the model that best fitted the data
was a recessive model with a selective coefficient
between 0.14 and 0.16 (Table 5). Conversely, for AST,
there was inconsistency between replicate populations:
although an additive model seemed to fit best Mo3
populations, no model was particularly suited to
explain changes in the Mo1. The same happened with
E1+2+9+12 where there was inconsistency between rep-
licate populations, with the additive model being the
best fit for Mo3, whereas the dominance model was
best suited for Mo1.

(a) (b)

Fig. 2 Multivariate evolutionary trajectories using principal component analysis (a) and plot of explanatory variables (b) for 1st and 2nd

axis. Diamonds represent Adraga, triangles represent Montpellier, and circles represent Groningen. Darker to lighter tone indicates

increasing generations. Inversions with a lower weight are plotted in grey. The convention used throughout the text to designate

arrangements could not be used here due to limitations of the software package used.
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Discussion

Impact of genetic background on the evolution of
inversions under uniform selection

Our populations presented clear initial differentiation in
chromosomal inversion frequencies for all 5 chromo-
somes, according to expectations from the European
cline (Krimbas & Loukas, 1980; Prevosti et al., 1988;
Balany"a et al., 2003; Sim~oes et al., 2012). Throughout
adaptation to laboratory environment, historical differ-
entiation remained high, despite a significant role of
selection in some inversions. The sole exception was

found in the last generation (40), where indications of
convergence were observed between Adraga and Mont-
pellier populations.
As expected, we found an overall decrease in inver-

sion polymorphism (e.g. Santos et al., 2005), although
it was not pervasive across chromosomes or founda-
tions, with a lower decrease of heterozygosity in Gron-
ingen populations, partly due to a smaller drop of
frequencies of standard inversions. In general, these dif-
ferences suggest the effect of distinct genetic back-
grounds between populations.
Some consistent evolutionary patterns emerged in

our study such as the decline in standard inversion fre-
quencies for all foundations and chromosomes, except
in OST. In a thermal selection study using D. subobscura
populations from Puerto Montt (South America), San-
tos et al. (2005) found a decrease in standard inversions
frequencies of populations maintained at 18 °C for A, J
and O chromosomes and an increase for EST. There are
obvious contrasts between these results and ours,
despite similar environmental temperature (18 °C) and
number of generations in the laboratory. Contrasting
backgrounds of founding populations may have con-
tributed to these differences because bottlenecks effects
considerably reduced chromosomal diversity in South
American colonizing populations (Prevosti et al., 1985).
The pattern of decline of standard inversions in the

new environment may be due to the fact that these
arrangements increase in frequency at higher latitudes
and can be characterized as cold climate (Krimbas,
1992; Rego et al., 2010). In fact, Rego et al. (2010)
found that, in general, D. subobscura flies carrying these
arrangements preferred colder temperatures (e.g.
between 15 and 16 °C), below those experienced by
populations in our study (18 °C). However, as men-
tioned above, the magnitude of the decline differed
between foundations, with Groningen populations
(which had initial higher standard frequencies) present-
ing a smaller decline than both Adraga and Montpel-
lier. It appears thus that, although selection shaped the
evolutionary dynamics of inversion frequencies, it has
done so within historical constraints of each population.
This suggests that, extrapolating to nature, evolutionary
forces responsible for the observed clinal shifts due to
global warming (e.g. Balany"a et al., 2006, 2009) are
strong, as they have been able to override to some
extent constraints associated with historical variation.

Do changes in inversion frequencies explain
phenotypic convergence?

We have previously shown a clear and quick conver-
gence after only 14 generations in laboratory for fecun-
dity, starvation resistance and body size (Fragata et al.,
2014). However, in the present study, no general con-
vergence was found in inversion frequencies. Although
some inversions showed a similar selective response

Table 3 Principal component analysis.

a) Eigenvectors for the first two axes of the principal component analysis,

using all arrangements, foundations and generations

Arrangement PC 1 PC 2

A1 0.255 0.060

A2 !0.283 0.054

AST 0.277 !0.122

E1+2 0.227 !0.129

E1+2+9 !0.145 !0.324

E1+2+9+12 !0.250 0.133

EST 0.265 !0.047

J1 !0.184 0.272

O3+4 !0.253 !0.155

OST 0.236 0.202

U1+8+2 !0.285 !0.036

U1+2 0.222 !0.187

b) Pairwise differences and significance levels with permutation tests using

multivariate trajectory analysis (see Material and Methods)

Gen Foundations Statistic

Magnitude Ad-Mo 3.384n.s.

Ad-Gro 12.191m.s.

Gro-Mo 15.574*
Direction Ad-Mo 49.493**

Ad-Gro 62.847***
Gro-Mo 40.928*

Shape Ad-Mo 0.101n.s.

Ad-Gro 0.246n.s.

Gro-Mo 0.253n.s.

c) Pairwise Euclidean distances between foundations at each generation

analysed

Comparison Gen 6 Gen 15 Gen 25 Gen 40

Ad vs. Mo 6.929 5.760 4.847 5.586

Ad vs. Gro 8.528 6.998 7.132 8.754

Mo vs. Gro 5.433 4.202 5.164 5.394

(a) PC 1 explains 36.96% of the total variation and PC2 explains

12.74%; only arrangements that had an average frequency of at

least 5% across generations and foundations are presented.

(b) Significance levels: P < 0.001***; 0.01 > P > 0.001**;
0.05 > P > 0.01 *; 0.1 > P > 0.05 m.s.; P > 0.1 n.s.
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across foundations, the overall pattern that emerges
does not support a clear association between selection
at the inversion frequency level and phenotypic selec-
tion. We have previously discussed (see Fragata et al.
(2014) and references therein) that phenotypic conver-
gence does not imply underlying genetic convergence.
There can be several explanations for why the evolu-

tionary dynamics of inversion frequencies did not mir-
ror the convergence patterns at phenotypic level. A
simple explanation might be that inversions are not
associated with relevant phenotypic traits. However,
whenever they have been carefully looked at, associa-
tions between inversions and morphological, physiolog-
ical and life-history traits in D. subobscura were found,
for instance body size (Orengo & Prevosti, 2002; Fragat-
a et al., 2010), thermotolerance (Dolgova et al., 2010;
Rego et al., 2010; Calabria et al., 2012), thermal prefer-
ence (Rego et al., 2010), mating success (Santos et al.,
1986) and viability (Santos, 2009). So it is unlikely that
the contrasting patterns between inversions and the
phenotypic traits for which we saw convergence are
due to a lack of association between them. Another
possible explanation is that, despite ample evidence of
adaptive value of inversions (Hoffmann et al., 2004;
Hoffmann & Rieseberg, 2008), many do not confer to
their carriers any particular selective value in our labo-
ratory environment. However, the consistent pattern
observed in the increase (in the case of A2, J1) or

decrease (in the case of AST, JST, EST and UST) of some
inversions in all three foundations points to a possible
common adaptive value of these inversions, a finding
that is not evident when we consider each population
independently. Even in the presence of selection, histor-
ical differentiation may still play an important role in
the absence of convergence at the inversion frequency
level: our populations showed different starting inver-
sion frequencies as expected, but not all inversions anal-
ysed here were simultaneously segregating in natural
populations, which can constrain convergent evolution.
History can also affect the genetic content of a given

inversion producing different targets for selection
between populations (Dobzhansky, 1970; Kirkpatrick &
Barton, 2006; Kirkpatrick, 2010). According to the Do-
bzhansky’s co-adaptation hypothesis (Dobzhansky,
1970), it is expected that inversions vary in genetic con-
tent across geographically distant populations.
Nevertheless, most studies did not find genetic differen-
tiation within inversions (but see Kennington & Hoff-
mann, 2013). In D. subobscura, several studies suggest
low within-inversion genetic differentiation across the
European cline (Rozas et al., 1995; Sim~oes et al., 2012;
Pegueroles et al., 2013), although they have used a lim-
ited number of genetic markers. In contrast with those
results, Santos (2009) detected recombination load in
several crosses of homokaryotypic lines for several
inversions of the O chromosome, in a D. subobscura pop-

Table 4 Cochran–Mantel–Haenszel (CMH) statistic and simulations (for each replicate population) applied to the most frequent

arrangements.

Arrangement Ad1 Ad2 Ad3 Ad (CMH) Mo1 Mo2 Mo3 Mo (CMH) Gro1 Gro2 Gro3 Gro (CMH)

A2 n.s. *** *** 28.733*** *** n.s. ** 140.082*** * n.s. n.s. 47.354***
AST – – – – ** n.s. * 71.258*** n.s. n.s. n.s. 28.101***
A1 n.s. n.s. n.s. 36.003*** 2.268 n.s.

EST m.s. n.s. n.s. 35.120*** n.s. n.s. m.s. 49.562*** n.s. n.s. n.s. 23.195***
E1+2+9+12 m.s. ** n.s. 100.355*** ** n.s. *** 157.572*** * n.s. n.s. 43.951***
E1+2 n.s. n.s. n.s. 8.091* n.s. n.s. n.s. 34.471***
E1+2+9 n.s. n.s. n.s. 53.858***
E1+2+9+3 n.s. n.s. m.s. 19.584***
J1 n.s. *** n.s. 30.197*** n.s. n.s. m.s. 69.773*** m.s. m.s. * 84.452***
OST * m.s. n.s. 48.140*** 0.022 n.s. 1.066 n.s.

O3+4 n.s. n.s. * 46.408*** n.s. n.s. n.s. 6.002* n.s. n.s. n.s. 7.799*
O3+4+7 * * ** 105.712***
O3+4+8 0.171 n.s.

U1+2 – – – – n.s. n.s. ** 63.029*** n.s. n.s. n.s. 7.223*
U1+8+2 n.s. n.s. n.s. 31.916*** n.s. n.s. ** 96.177*** 3.873 n.s.

UST n.s. n.s. n.s. 10.220** n.s. n.s. n.s. 16.462***

CMH statistic and simulations use data from generations 6 to 40. Significance levels for CMH after FDR correction (n = 11) for Adraga and

Groningen: ***P < 0.00033 (a = 0.001); **0.00033 < P < 0.0033 (a = 0.01); *0.0033 < P < 0.017 (a = 0.05); m.s. 0.017 < P < 0.033

(a = 0.1); n.s. P > 0.033. Significance levels for CMH after FDR correction (n = 13) for Montpellier: ***P < 0.00031 (a = 0.001);

**0.00031 < P < 0.0031 (a = 0.01); *0.0031 < P < 0.016 (a = 0.05); m.s. 0.016 < P < 0.031 (a = 0.1); n.s. P > 0.031. Significance levels for

simulations were also assessed after FDR correction – n = 11 for Adraga and Montpellier – see above; n = 8 for Groningen: ***P < 0.00037

(a = 0.001); **0.00037 < P < 0.0037 (a = 0.01); *0.0037 < P < 0.018 (a = 0.05); m.s. 0.018 < P < 0.037 (a = 0.1); n.s. P > 0.037. CMH sta-

tistic (pooled ratio) and significance levels are presented for each foundation. Significance of the simulations applied (see also Material and

Methods) is shown for each replicate population. Dashes indicate cases where only one alternative arrangement was present, thus its analy-

sis was redundant.
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ulation. Thus, this study shows that the genetic content
of a given inversion can change even inside the same
population. A deep genomic coverage within and out-

side inverted fragments across populations is essential to
give further insight into this issue (e.g. see Corbett-Detig
& Hartl, 2012; Kennington & Hoffmann, 2013).

Table 5 Initial range of the selection coefficients and best selective coefficient.

Arrang Rep Heritability Sel. Coef. Range

Mean Resid. D Stat.

Sel. Coef Avg Sel. Coef. Avg

A2 Ad1 h0 0.03–0.32 0.22 0.005 0.18 0.469

Ad1 h05 0.07 0.005 0.06 0.492

Ad1 h1 0.05 0.006 0.03 0.496

Ad2 h0 0.08–0.39 0.39 0.004 0.38 0.498

Ad2 h05 0.14 0.004 0.25 0.465

Ad2 h1 0.08 0.003 0.13 0.462

Ad3 h0 0.14–0.42 0.41 0.004 0.42 0.699

Ad3 h05 0.32 0.000 0.33 0.295

Ad3 h1 0.18 0.000 0.18 0.292

O3+4+7 Ad1 h0 0.23–0.5 0.23 0.006 0.23 0.361

Ad1 h05 0.21–0.41 0.27 0.003 0.22 0.279

Ad1 h1 0.12–0.41 0.40 0.002 0.40 0.323

Ad2 h0 0.11–0.31 0.17 0.004 0.14 0.291

Ad2 h05 0.19 0.003 0.18 0.273

Ad2 h1 0.28 0.003 0.31 0.294

Ad3 h0 0.18–0.38 0.20 0.003 0.18 0.305

Ad3 h05 0.24 0.003 0.23 0.274

Ad3 h1 0.32 0.007 0.38 0.440

A2 Mo1 h0 0.1–0.35 0.14 0.026 0.14 0.375

Mo1 h05 0.13 0.022 0.14 0.356

Mo1 h1 0.14 0.024 0.15 0.348

Mo2 h0 0.01–0.25 0.08 0.011 0.09 0.426

Mo2 h05 0.08 0.015 0.09 0.451

Mo2 h1 0.08 0.023 0.10 0.498

Mo3 h0 0.08–0.28 0.16 0.038 0.18 0.499

Mo3 h05 0.15 0.030 0.16 0.493

Mo3 h1 0.16 0.029 0.16 0.486

AST Mo1 h0 0.02–0.32 0.08 0.022 0.08 0.444

Mo1 h05 0.10 0.021 0.08 0.446

Mo1 h1 0.11 0.022 0.11 0.449

Mo2 h0 0.02–0.32 0.03 0.015 0.04 0.589

Mo2 h05 0.04 0.013 0.05 0.561

Mo2 h1 0.05 0.010 0.05 0.547

Mo3 h0 0.1–0.33 0.17 0.003 0.14 0.361

Mo3 h05 0.22 0.003 0.22 0.363

Mo3 h1 0.33 0.006 0.33 0.476

E1+2+9+12 Mo1 h0 0.07–0.26 0.12 0.016 0.12 0.412

Mo1 h05 0.16 0.022 0.19 0.415

Mo1 h1 0.24 0.070 0.24 0.702

Mo2 h0 0.03–0.32 0.03 0.010 0.07 0.531

Mo2 h05 0.03 0.011 0.11 0.543

Mo2 h1 0.04 0.011 0.32 0.610

Mo3 h0 0.1–0.32 0.18 0.019 0.21 0.349

Mo3 h05 0.24 0.018 0.24 0.320

Mo3 h1 0.32 0.143 0.32 0.557

The best selective coefficients were those associated with lower mean residuals and D statistic. Average (Avg) of the mean residuals and D

statistic are presented for the best selective coefficient. For the heritability models: h0 corresponds to dominance, h05 to additivity and h1

to recessiveness. The selective coefficient range selected for further analysis was obtained by simulating once each selection coefficient for

each heritability model (from 0.01 to 0.5 in increments of 0.01 per replicate population). When the range values were very close between

models, we used the same interval for all models in each replicate population.
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Do inversions present signs of adaptive response?

We found significant changes through time due to selec-
tion, both positive (A2, in Adraga and Montpellier and
E1+2+9+12 only in Montpellier) and negative (AST for
Adraga and Montpellier and O3+4+7 only for Adraga). It is
interesting that, despite the pervasive pattern of
frequency decline for all standard arrangements (with
the exception of OST), we could only detect selection for
the AST inversion for Adraga and Montpellier. It might be
the case that we lacked statistical power to detect a selec-
tive pattern due to low initial standard inversion frequen-
cies in these populations. On the other hand, Groningen
populations presented a consistent (across chromosomes
and populations), mild decline from initially high stan-
dard inversion frequencies. Overall, negative selection
may have been implicated across foundations.
Contrary to Inoue (1979), where negative selection

was pervasive, we found contrasting selection patterns,
with both positive and negative selection apparently
playing a role in the evolution of the different inver-
sions. Kapun et al. (2014) also found, in D. melanogaster
populations, indications of positive selection in some
inversions. In our study, the most consistent pattern
was the negative selection for the O3+4+7 arrangement
for Adraga. We found that the best model to explain
the changes in frequencies was an additive model. In
fact, this arrangement presented a striking decline from
an initial frequency of around 60% to almost 0, for
which we estimated an overall selective coefficient (s)
of 0.18 to 0.27. This suggests a rather strong negative
selection for O3+4+7, three times higher than that
reported for the decline of inversions in D. melanogaster
cage populations (s = 0.06; see Inoue, 1979).
This arrangement presents an interesting pattern in

natural populations. It shows repeatable clinal variation,
across three continents, with higher frequencies at lower
latitudes (Prevosti et al., 1988; Balany"a et al., 2003).

Moreover, this arrangement shows clear seasonal varia-
tion in southern D. subobscura populations in Europe
(Rodr!ıguez-Trelles et al., 1996, 2013), rising in frequency
in late spring (corresponding to a decline of other inver-
sions, particularly OST), early summer, with temperatures
above 15 °C, and declining in colder seasons (Rodr!ıguez-
Trelles et al., 1996, 2013). It seems that fluctuating tem-
perature is the environmental cue driving these chromo-
somal inversions changes, something that was prevented
here. Nevertheless, our populations were kept at 18 °C,
so it is unlikely that the decline in O3+4+7 frequencies
could be directly related to a thermal response. Another
possible explanation for the decrease in frequency of this
particular arrangement might be found in the presence
of lethal genes. In fact, in D. subobscura North American
populations, Mestres et al. (2001) found an association
between lethal genes and the O3+4+7 arrangement, and
an indication of a heterotic effect in heterokaryotypes.
Ara!uz et al. (2009) also found lethal genes in O3+4+7

arrangements in a Barcelona population. However, the
slow rate of decline of this arrangement in our popula-
tions, with a selective coefficient between 0.18 and 0.27,
does not favour this hypothesis.
To sum up, we found that a strong initial historical

signature is still maintained in the pattern of inversion
frequencies despite 40 generations of evolution in a
common environment. Therefore, observed conver-
gence at the phenotypic level (Fragata et al., 2014) was
not associated with a similar evolutionary dynamics in
inversion frequencies. Nevertheless, some common pat-
terns arose between populations, namely decrease in
frequency of most cold-climate standard inversions that
were initially present in all populations at various fre-
quencies according to the latitudinal cline. We found
that selection acted within the limits imposed by high
historical constraints to shape evolutionary dynamics of
chromosomal inversions. This study shows that to pre-
dict the evolutionary potential of populations, it is

Fig. 3 Plot of observed and expected O3+4+7 frequency changes and associated 95% boundaries for the three Adraga populations. The

model with the best fit (additive model) is presented for each replicate population. Diamonds represent the observed frequencies at each

generation assayed. Asterisk represents the initial frequency from which all simulations were computed.

ª 20 1 4 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I OL . 2 7 ( 2 0 14 ) 2 7 2 7 – 2 73 8
JOURNAL OF EVOLUT IONARY B IOLOGY ª 2014 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

2736 I . FRAGATA ET AL.

CHAPTER 4

105



important to take into account the role of history and
selection. This issue is even more vital when popula-
tions are facing the loss of biodiversity due to the
effects of global environmental changes.
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The effective population size (Ne) of our populations was estimated by 

assuming an initial effective size of 10% of the census size. As effective population 

size is expected to increase with time in the lab (Santos et al., 2012; Sim!es et al., 

2012), an increment of (Ne Final"‒"Ne Initial)/(t-t0) (where t was the current generation 

being simulated and t0 the initial generation), was applied at each generation, reaching 

30% in the last generation (40). 

In order to assess which range of selection coefficients to test, we simulated for 

each model the evolution of the inversion frequencies in a given population assuming 

drift and a selective coefficient ranging from 0.01 to 0.5 in 0.01 increments. To 

simulate drift, a matrix of zygotes was constructed using the inversion frequencies of 

that generation. From that matrix a number of gametes equal to 2 * Ne was sampled 

and the new frequencies of p were calculated. 

 

Literature Cited 

Santos, J., Pascual, M., Simões, P., Fragata, I., Lima, M., Kellen, B., et al. 2012. From 
nature to the laboratory: the impact of founder effects on adaptation. J. Evol. 
Biol. 25: 2607–2622. 

Simões, P., Calabria, G., Picão-Osório, J., Balanyà, J. & Pascual, M. 2012. The 
genetic content of chromosomal inversions across a wide latitudinal gradient. 
PLoS One 7: e51625. 

 

CHAPTER 4

108



CHAPTER 4

Figure S1 – Simulated O3+4+7 frequency changes under different heritability models and selective co-
efficients for one population (Ad3). Red circles represent the observed frequencies at each generation
assayed. The various selective coefficient ranges used (see legend in the figure) are represented in differ-
ent colors.)

Figure S2 – Mean residuals (a) and D Statistic (b) for the simulated O3+4+7 frequency changes under
different heritability models and selective coefficients for one population (Ad3)
.
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CHAPTER 4

Figure S3 – Evolutionary changes in inversion heterozygosity across generations and foundations. Error
bars correspond to the standard error calculated from the differences among the three replicate populations
of each foundation.
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CHAPTER 4

Table S1 – Frequencies and number of individuals analyzed per arrangement, population and generation
for Adraga (A), Montpellier (B) and Groningen (C)
A) Frequencies and number of individuals analyzed for Adraga.

Ta
bl

e 
S

1 
- F

re
qu

en
ci

es
 a

nd
 n

um
be

r 
of

 in
di

vi
du

al
s 

an
al

yz
ed

 p
er

 a
rr

an
ge

m
en

t, 
po

pu
la

tio
n 

an
d 

ge
ne

ra
tio

n.
 

A
) A

dr
ag

a 

 
G

en
 2

 
G

en
 6

 
G

en
15

 
G

en
 2

5 
G

en
 4

0 
C

hr
om

 
A

rr
an

g 
A

d 
A

d 1
 

A
d 2

 
A

d 3
 

A
d 1

 
A

d 2
 

A
d 3

 
A

d 1
 

A
d 2

 
A

d 3
 

A
d 1

 
A

d 2
 

A
d 3

 

A
 

A
1 

--
- 

--
- 

--
- 

--
- 

--
- 

--
- 

--
- 

--
- 

--
- 

--
- 

--
- 

--
- 

--
- 

A
2 

0.
82

3 
(1

31
) 

0.
83

6 
(9

2)
 

0.
81

6 
(8

9)
 

0.
88

9 
(9

7)
 

0.
78

3 
(4

7)
 

0.
83

3 
(5

0)
 

0.
96

6 
(5

8)
 

0.
85

3 
(9

3)
 

0.
99

0 
(1

06
) 

0.
99

0 
(1

04
) 

0.
98

4 
(6

3)
 

1.
00

0 
(6

3)
 

1.
00

0 
(6

3)
 

A
S

T 
0.

17
6 

(2
8)

 
0.

16
3 

(1
8)

 
0.

17
4 

(1
9)

 
0.

11
0 

(1
2)

 
0.

21
6 

(1
3)

 
0.

16
6 

(1
0)

 
0.

03
3 

(2
) 

0.
14

6 
(1

6)
 

0.
00

9 
(1

) 
0.

00
9 

(1
) 

0.
01

5 
(1

) 
--

- 
--

- 

E
 

E
1+

2 
0.

23
8 

(3
8)

 
0.

09
0 

(1
0)

 
0.

21
8 

(2
4)

 
0.

17
2 

(1
9)

 
0.

16
6 

(1
0)

 
0.

11
6 

(7
) 

0.
10

0 
(6

) 
0.

22
9 

(2
5)

 
0.

03
7 

(4
) 

0.
05

7 
(6

) 
0.

21
8 

(1
4)

 
--

- 
--

- 

E
1+

2+
9 

0.
24

5 
(3

9)
 

0.
28

1 
(3

1)
 

0.
33

6 
(3

7)
 

0.
25

4 
(2

8)
 

0.
21

6 
(1

3)
 

0.
13

3 
(8

) 
0.

18
3 

(1
1)

 
0.

04
5 

(5
) 

0.
04

6 
(5

) 
0.

14
2 

(1
5)

 
0.

01
5 

(1
) 

0.
04

7 
(3

) 
0.

01
5 

(1
) 

E
1+

2+
9+

12
 

0.
22

6 
(3

6)
 

0.
25

4 
(2

8)
 

0.
21

8 
(2

4)
 

0.
20

0 
(2

2)
 

0.
45

0 
(2

7)
 

0.
30

0 
(1

8)
 

0.
30

0 
(1

8)
 

0.
54

1 
(5

9)
 

0.
62

6 
(6

7)
 

0.
45

7 
(4

8)
 

0.
70

3 
(4

5)
 

0.
74

6 
(4

7)
 

0.
55

5 
(3

5)
 

E
1+

2+
9+

3 
0.

03
1 

(5
) 

0.
04

5 
(5

) 
0.

06
3 

(7
) 

0.
03

6 
(4

) 
--

- 
0.

23
3 

(1
4)

 
0.

01
6 

(1
) 

--
- 

0.
20

5 
(2

2)
 

0.
13

3 
(1

4)
 

0.
03

1 
(2

) 
0.

19
0 

(1
2)

 
0.

26
9 

(1
7)

 

E
8 

0.
01

8 
(3

) 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
0.

01
5 

(1
) 

--
- 

--
- 

E
S

T 
0.

23
8 

(3
8)

 
0.

32
7 

(3
6)

 
0.

16
3 

(1
8)

 
0.

33
6 

(3
7)

 
0.

16
6 

(1
0)

 
0.

21
6 

(1
3)

 
0.

40
0 

(2
4)

 
0.

18
3 

(2
0)

 
0.

08
4 

(9
) 

0.
20

9 
(2

2)
 

0.
01

5 
(1

) 
0.

01
5 

(1
) 

0.
15

8 
(1

0)
 

J 

J 1
 

0.
79

2 
(1

26
) 

0.
84

5 
(9

3)
 

0.
75

4 
(8

3)
 

0.
83

6 
(9

2)
 

0.
90

0 
(5

4)
 

0.
93

3 
(5

6)
 

0.
70

0 
(4

2)
 

0.
89

9 
(9

8)
 

0.
98

1 
(1

05
) 

0.
93

3 
(9

8)
 

0.
96

8 
(6

2)
 

1.
00

0 
(6

3)
 

0.
96

8 
(6

1)
 

J u
nk

 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 

J S
T 

0.
20

7 
(3

3)
 

0.
15

4 
(1

7)
 

0.
24

5 
(2

7)
 

0.
16

3 
(1

8)
 

0.
10

0 
(6

) 
0.

06
6 

(4
) 

0.
30

0 
(1

8)
 

0.
10

0 
(1

1)
 

0.
01

8 
(2

) 
0.

06
6 

(7
) 

0.
03

1 
(2

) 
--

- 
0.

03
1 

(2
) 

O
 

O
3+

4 
0.

27
0 

(4
3)

 
0.

50
0 

(5
5)

 
0.

38
1 

(4
2)

 
0.

43
6 

(4
8)

 
0.

56
6 

(3
4)

 
0.

51
6 

(3
1)

 
0.

71
6 

(4
3)

 
0.

44
0 

(4
8)

 
0.

70
0 

(7
5)

 
0.

88
5 

(9
3)

 
0.

62
5 

(4
0)

 
0.

69
8 

(4
4)

 
0.

92
0 

(5
8)

 

O
3+

4+
7 

0.
57

2 
(9

1)
 

0.
33

6 
(3

7)
 

0.
47

2 
(5

2)
 

0.
50

0 
(5

5)
 

0.
18

3 
(1

1)
 

0.
23

3 
(1

4)
 

0.
20

0 
(1

2)
 

0.
08

2 
(9

) 
0.

13
0 

(1
4)

 
0.

04
7 

(5
) 

--
- 

0.
03

1 
(2

) 
0.

01
5 

(1
) 

O
3+

4+
8 

0.
05

6 
(9

) 
0.

10
9 

(1
2)

 
0.

09
0 

(1
0)

 
0.

04
5 

(5
) 

0.
11

6 
(7

) 
0.

01
6 

(1
) 

0.
03

3 
(2

) 
0.

03
6 

(4
) 

--
- 

0.
00

9 
(1

) 
0.

01
5 

(1
) 

--
- 

0.
04

7 
(3

) 

O
3+

4+
13

+1
2 

--
- 

--
- 

--
- 

--
- 

--
- 

--
- 

--
- 

--
- 

--
- 

--
- 

--
- 

--
- 

--
- 

O
S

T 
0.

01
8 

(3
) 

0.
01

8 
(2

) 
0.

02
7 

(3
) 

0.
01

8 
(2

) 
0.

10
0 

(6
) 

0.
21

6 
(1

3)
 

0.
05

0 
(3

) 
0.

44
0 

(4
8)

 
0.

16
8 

(1
8)

 
0.

01
9 

(2
) 

0.
32

8 
(2

1)
 

0.
25

3 
(1

6)
 

--
- 

O
ot

he
rs
 

0.
08

1 
(1

3)
 

0.
03

6 
(4

) 
0.

02
7 

(3
) 

--
- 

0.
03

3 
(2

) 
0.

01
6 

(1
) 

--
- 

--
- 

--
- 

0.
03

8 
(4

) 
0.

03
1 

(2
) 

0.
01

5 
(1

) 
0.

01
5 

(1
) 

U
 

U
1 

--
- 

--
- 

--
- 

--
- 

--
- 

--
- 

0.
01

6 
(1

) 
--

- 
--

- 
--

- 
0.

01
5 

(1
) 

--
- 

--
- 

U
1+

2 
0.

50
3 

(8
0)

 
0.

51
8 

(5
7)

 
0.

52
7 

(5
8)

 
0.

56
3 

(6
2)

 
0.

61
6 

(3
7)

 
0.

31
6 

(1
9)

 
0.

63
3 

(3
8)

 
0.

42
2 

(4
6)

 
0.

37
3 

(4
0)

 
0.

37
1 

(3
9)

 
0.

26
5 

(1
7)

 
0.

19
0 

(1
2)

 
0.

38
0 

(2
4)

 

U
1+

8+
2 

0.
49

6 
(7

9)
 

0.
48

1 
(5

3)
 

0.
47

2 
(5

2)
 

0.
43

6 
(4

8)
 

0.
38

3 
(2

3)
 

0.
68

3 
(4

1)
 

0.
35

0 
(2

1)
 

0.
57

7 
(6

3)
 

0.
62

6 
(6

7)
 

0.
62

8 
(6

6)
 

0.
71

8 
(4

6)
 

0.
80

9 
(5

1)
 

0.
61

9 
(3

9)
 

U
S

T 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 
--

- 

111



CHAPTER 4

B) Frequencies and number of individuals analyzed for Montpellier.
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C) Frequencies and number of individuals analyzed for Groningen.
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CHAPTER 4

Table S2 – Allelic richness (A) and Expected heterozigosity (He) for the several chromosomes, popula-
tions and generations analyzed.

Table S2 - Allelic richness (A) and Expected heterozigosity (He) for the several 

chromosomes, populations and generations analyzed. 

Found Pop Gen. AA He A AE He E AJ He J AO He O AU He U 

Ad  

Ad  2 2.000 0.292 5.935 0.778 2.000 0.331 9.315 0.598 2.000 0.503 
Ad1 6 2.000 0.276 5.000 0.745 2.000 0.264 5.876 0.630 2.000 0.504 

Ad2 6 2.000 0.293 5.000 0.764 2.000 0.369 4.986 0.627 2.000 0.503 

Ad3 6 2.000 0.198 4.999 0.757 2.000 0.278 3.960 0.562 2.000 0.497 

Ad1 15 2.000 0.345 4.000 0.707 2.000 0.183 6.000 0.632 2.000 0.481 

Ad2 15 2.000 0.282 5.000 0.790 2.000 0.127 5.000 0.642 2.000 0.440 

Ad3 15 2.000 0.066 5.000 0.718 2.000 0.427 4.000 0.450 3.000 0.484 

Ad1 25 2.000 0.253 4.000 0.624 2.000 0.183 3.999 0.610 2.000 0.492 

Ad2 25 1.808 0.019 4.999 0.560 1.964 0.037 3.000 0.468 2.000 0.473 

Ad3 25 1.817 0.019 5.000 0.712 2.000 0.126 4.784 0.213 2.000 0.471 

Ad1 40 1.997 0.031 5.990 0.463 2.000 0.062 4.990 0.509 2.997 0.419 

Ad2 40 1.000 - 3.998 0.411 1.000 - 3.998 0.454 2.000 0.313 

Ad3 40 1.000 - 3.998 0.603 2.000 0.062 3.996 0.152 2.000 0.479 

Mo 

Mo 2 3.000 0.599 5.722 0.580 2.000 0.503 7.988 0.708 3.772 0.557 

Mo1 6 3.000 0.554 4.948 0.610 2.790 0.481 5.370 0.666 3.000 0.314 

Mo2 6 3.000 0.587 4.794 0.583 2.000 0.462 5.752 0.646 3.000 0.260 

Mo3 6 3.000 0.649 4.992 0.658 2.000 0.467 6.375 0.670 3.795 0.391 

Mo1 15 3.000 0.552 5.000 0.696 2.000 0.508 3.000 0.595 4.000 0.449 

Mo2 15 3.000 0.612 4.000 0.542 2.000 0.345 3.000 0.586 4.000 0.524 

Mo3 15 3.000 0.637 5.000 0.754 3.000 0.513 4.000 0.613 3.000 0.310 

Mo1 25 2.978 0.441 5.000 0.645 2.000 0.169 3.000 0.652 3.000 0.416 

Mo2 25 3.000 0.529 5.000 0.725 2.795 0.437 3.000 0.595 3.998 0.480 

Mo3 25 2.998 0.272 4.959 0.487 2.000 0.136 3.000 0.629 2.000 0.502 

Mo1 40 2.000 0.119 4.000 0.503 2.000 0.091 3.000 0.664 2.000 0.468 

Mo2 40 2.000 0.465 5.000 0.793 2.000 0.094 3.000 0.612 2.999 0.476 

Mo3 40 2.000 0.061 4.989 0.280 1.995 0.031 3.000 0.629 2.000 0.306 

Gro 

Gro 2 3.000 0.538 5.092 0.414 2.000 0.504 6.368 0.553 3.000 0.602 

Gro1 6 3.000 0.560 2.992 0.482 2.000 0.478 5.752 0.504 3.799 0.511 

Gro2 6 3.000 0.557 3.000 0.327 2.000 0.488 5.589 0.556 2.992 0.513 

Gro3 6 3.000 0.601 3.959 0.486 2.000 0.504 5.760 0.444 3.000 0.557 

Gro1 15 3.000 0.623 4.000 0.455 2.000 0.235 5.000 0.569 3.000 0.575 

Gro2 15 3.000 0.658 5.000 0.614 2.000 0.398 4.000 0.439 3.000 0.508 

Gro3 15 3.000 0.606 4.000 0.634 2.000 0.481 4.000 0.559 2.000 0.463 

Gro1 25 3.000 0.607 4.000 0.638 1.964 0.037 4.802 0.419 3.000 0.412 

Gro2 25 3.000 0.656 3.795 0.548 2.000 0.152 4.959 0.402 2.959 0.521 

Gro3 25 3.000 0.556 3.994 0.688 2.000 0.272 3.965 0.455 3.000 0.367 

Gro1 40 3.000 0.488 3.000 0.589 2.000 0.061 4.995 0.417 3.000 0.482 

Gro2 40 3.000 0.646 3.992 0.578 2.000 0.116 4.000 0.525 2.992 0.396 

Gro3 40 3.000 0.514 3.000 0.637 2.000 0.119 4.000 0.411 2.997 0.404 
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Table S3 – ANCOVA model on specific arrangements to test for differences between Generations and
the interaction between Generations and Foundations.

Table S3 - ANCOVA model on specific arrangements to test for differences 

between Generations and the interaction between Generations and 

Foundations. 

 

Arrangement Gen Found*Gen 

A1 F1,16 = 19.683 ** F1,16 = 7.774 * 

A2 F1,24 = 74.232 *** F2,24 = 4.427 m.s. 

AST F1,24 = 52.335 *** F2,24 = 1.585 n.s. 

E1+2 F1,24 = 9.250 * F2,24 = 3.242 n.s. 

E1+2+9+12 F1,24 = 51.252 *** F2,24 = 1.787 n.s. 

EST F1,24 = 49.687 *** F2,24 = 1.254 n.s. 

J1 F1,24 = 82.367 *** F2,24 = 1.166 n.s. 

O3+4 F1,24 = 4.183 n.s. F2,24 = 9.033 ** 

OST F1,24 = 2.515 n.s. F2,24 = 2.167 n.s. 

U1+8+2 F1,24 = 31.191 *** F2,24 = 5.388 * 

U1+2 F1,16 = 12.746 ** F1,16 = 10.743 ** 

Note: Significance levels after FDR correction (n=11):  *** P<0.00033 (!=0.001); ** 

0.00033<P<0.0033 (!=0.01); * 0.0033<P<0.017  (!=0.05); m.s. 0.017<P<0.033; n.s. 

P>0.033. 

 

Note: Significance levels after FDR correction (n=11): 0.033>P>0.017 m.s; 0.017>P>0.0033∗; 0.0033>P>0.00033∗∗;
P<0.00033 ∗ ∗ ∗.
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Introduction

Chromosomal inversions reduce recombination in het-
erokaryotypes and help preserve particular combinations
of alleles within the inverted segment, mainly near
inversion breakpoints (Navarro et al., 2000; Andolfatto
et al., 2001; Laayouni et al., 2003). Latitudinal clines in
inversion frequencies are well documented in Drosophila
(Krimbas & Powell, 1992) and can arise by spatiotempo-

ral selection for alternative alleles that interact epistati-
cally (Dobzhansky, 1950) or by stabilizing locally adapted
alleles tied up within an inversion against the gene
exchange with migrants from other populations or
genetic backgrounds (Kirkpatrick & Barton, 2006). Lat-
itudinal variation in quantitative traits potentially unre-
lated to climatic variables may also occur as a side effect
of inversion clines. This is because different karyotypes
from natural populations can differ in their mean value
for one or more metrical traits (e.g. White et al., 1963;
Betrán et al., 1998; Anderson et al., 2003), presumably
due to the association between inversions and particular
alleles which influence the trait under consideration
(Ruiz et al., 1991). Dissecting causal and correlated
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Abstract

In fewer than two decades after invading the Americas, the fly Drosophila
subobscura evolved latitudinal clines for chromosomal inversion frequencies
and wing size that are parallel to the long-standing ones in native Palearctic
populations. By sharp contrast, wing shape clines also evolved in the New
World, but the relationship with latitude was opposite to that in the Old
World. Previous work has suggested that wing trait differences among
individuals are partially due to the association between chromosomal
inversions and particular alleles which influence the trait under consideration.
Furthermore, it is well documented that a few number of effective individuals
founded the New World populations, which might have modified the
biometrical effect of inversions on quantitative traits. Here we evaluate the
relative contribution of chromosomal inversion clines in shaping the parallel
clines in wing size and contrasting clines in wing shape in native and
colonizing populations of the species. Our results reveal that inversion-size
and inversion-shape associations in native and colonizing (South America)
populations are generally different, probably due to the bottleneck effect.
Contingent, unpredictable evolution was suggested as an explanation for the
different details involved in the otherwise parallel wing size clines between
Old and New World populations of D. subobscura. We challenge this assertion
and conclude that contrasting wing shape clines came out as a correlated
response of inversion clines that might have been predicted considering the
genetic background of colonizers.

doi:10.1111/j.1420-9101.2009.01873.x
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responses in clinal patterns may therefore be a difficult
exercise. For instance, quantitative trait locus (QTL)
results have shown that a large proportion of the
underlying latitudinal clinal variance of body size in
Drosophila melanogaster in Australia and South America is
explained by the common cosmopolitan inversion
In(3R)Payne (Gockel et al., 2002; Calboli et al., 2003b),
which itself shows clinal variation (Knibb et al., 1981;
Weeks et al., 2002). Why large-scale patterns of body size
variation, with genetically larger individuals encountered
at higher latitudes, are so common in Drosophila still
remain a mystery (Blanckenhorn & Demont, 2004).
The invasive species Drosophila subobscura offers a

particularly instructive example. It is native to the
Palearctic region where a total of 92 chromosomal
arrangements (produced from 66 inversions located on
all major chromosomes; Krimbas, 1992) have been
found, making D. subobscura one of the species with the
richest inversion polymorphism in the genus. Latitudinal
clines in chromosomal inversion frequencies, wing size
and wing shape have been reported for this species
(Prevosti, 1955; Krimbas, 1992; Huey et al., 2000).
Orengo & Prevosti (2002) used a Spanish population to
analyse the relationship between chromosomal polymor-
phisms and wing size. In accordance with the clinal
patterns, they found a bigger size to be preferentially
associated with gene arrangements whose frequencies
increase with increasing latitude. Furthermore, in the last
30 years, D. subobscura successfully colonized South
America (Brncic & Budnik, 1980) and subsequently
North America (Beckenbach & Prevosti, 1986). Within
5 years upon its arrival in Chile, this species had evolved
latitudinal clines in chromosomal inversions parallel with
clines in the Old World (Ayala et al., 1989). Conversely,
wing size clines were not evident a decade after
D. subobscura invaded the Americas (Budnik et al., 1991;
Pegueroles et al., 1995), but 10 years later they were
detected (Huey et al., 2000; Gilchrist et al., 2001, 2004;
Calboli et al., 2003a), suggesting that wing size clines in
New World populations are probably unrelated to those
gene arrangements implicated in the latitudinal clines.
Additional support to the uncoupling of clinal patterns

in the New World was the lack of relationship between
inversions and wing size in D. subobscura flies derived
from Puerto Montt (Santos et al., 2005a), the estimated
Chilean epicentre of the original New World invasion
(Brncic & Budnik, 1980). However, the lack of associa-
tion might be a by-product of the bottleneck effect that
occurred during the colonization as few effective foun-
ders crossed to Chile (fewer than 15 individuals; Pascual
et al., 2007), which carried about 23% of the chromo-
somal arrangements known in the Old World (Brnic
et al., 1981; Prevosti et al., 1985, 1988). We are therefore
left with interesting and conflicting observations on
inversions and wing size in Old and New World popu-
lations, but the snag is that there is no clear indication
about the underlying genetic basis for the association in

the Orengo & Prevosti (2002) study as they used freshly
collected males from the wild and did not control for
environmental effects. For instance, it is well known that
wing size is strongly affected by temperature, with flies
growing larger at lower rearing temperatures (a pattern
known as the temperature–size rule; reviewed by
Atkinson, 1994; Angilletta & Dunham, 2003). Orengo &
Prevosti’s data could be biased in the ‘expected’ direction
because temperature varies spatially and recent results
indicate that D. subobscura flies carrying ‘cold-adapted’
gene arrangements tend to choose lower temperatures in a
laboratory thermal gradient (Rego et al., 2009).

To complicate things further, the eventual conver-
gence of clinal variation in wing size between Old and
New World populations was achieved by latitudinal
changes in the relative length of different parts of the
wing (lengthening of the basal portion of longitudinal
vein IV in Europe and of the distal portion in the New
World; Huey et al., 2000; Gilchrist et al., 2001) and the
cellular basis of the size clines was also different (latitu-
dinal variation in cell number in Europe and cell area in
North America; Calboli et al., 2003a). These contrasting
patterns of latitudinal change might as well be partially a
consequence of the founder effect because wing shape
variation was associated with different gene arrange-
ments in the same flies from Puerto Montt (Santos et al.,
2004, 2005a), although no information is available for
the Old World. There is little compelling evidence
indicating that natural wing shape changes are adaptive
in Drosophila, and we have shown that the shape cline in
North America (Huey et al., 2000) pre-dated the size cline
owing to a hitchhiking of genes affecting wing shape
linked to chromosomal inversions that quickly evolved
latitudinal clines for other reasons (Santos et al., 2004,
pp. 852–853).

In this study, we address the association between clinal
wing traits and chromosomal inversions, and test the
a priori predictions that have indicated possible trait-
inversion associations. Adraga (Portugal) was chosen as
the base European population of D. subobscura because it
contains all chromosomal arrangements that arrived to
the New World (an exception is the O5 inversion, which
is rare in Europe). Its chromosomal polymorphism is
representative of south-western Europe, the most likely
region candidate to be the source of the colonizing flies
(Pascual et al., 2007). By using some previous data of
D. subobscura from Puerto Montt, the present results also
allow a comparative analysis between native Palearctic-
and American-derived populations.

A final remark is in order here. The spread of
D. subobscura in the Americas occurred following two
colonizing events: from Europe to South America and
from South to North America. The initial propagule size
was small (see above), but a substantially larger number
of effective founders (around 100–150) colonized
North America (Pascual et al., 2007). Inversion-trait
associations in Puerto Montt can therefore be probably

2 I . FRAGATA ET AL.

ª 20 0 9 THE AUTHORS . J . E VOL . B I OL . do i : 1 0 . 1 1 1 1 / j . 1 4 20 - 9 1 01 . 2 0 09 . 0 18 7 3 . x
JOURNAL COMP I L AT ION ª 2 00 9 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY

CHAPTER 5

119



extrapolated to North American flies, although it should
be acknowledged that some divergent patterns in wing
shape between South and North American clines occur
(Gilchrist et al., 2004).

Materials and methods

Fly stocks

Samples of D. subobscura were collected from two
natural populations: Puerto Montt (Chile; 41º28¢S,
72º56¢W) in November 1999, and Adraga (Portugal;
38º47¢N, 9º28¢W) in April 2008. The stock from Puerto
Montt was used to set up thermal selection lines that
have been described elsewhere (Santos et al., 2004,
2005a). To allow comparative analyses with flies from
Adraga (below), we will use here only the data coming
from the three replicated lines kept at 18 !C (405 males
sampled after 1 year of thermal selection and 361
males sampled after 2 years; in a few cases not all gene
arrangements from the chromosomal set could be
identified).

The stock from Adraga was established from the
progeny of 210 females. Three replicates were set up at
the third generation and were maintained in the same
manner as the 18 !C ones from Puerto Montt (population
cages, 18 !C, 12-h L : 12-h D, discrete generations,
controlled adult and larval densities; for further mainte-
nance details see Santos et al., 2005a). Adraga flies were
in the ninth generation when they were assayed. Adults
from all replicates were reared in uncrowded conditions.
The gene arrangements were determined by individually
crossing virgin females and males with three or four
virgin ch-cu flies of the opposite sex and analysing the
polytene chromosomes of one female third instar larva
from each cross. The flies from Adraga (females and
males) were also used to evaluate their thermal prefer-
ence and knock-out temperatures, and to know whether
there is a link between these variables and polymorphic
chromosomal inversions (Rego et al., 2009). After the
heat knock out assay, flies were individually fixed in a
3 : 1 mixture of alcohol and glycerol at 4 !C for further
wing measurements. Sample sizes here are 561 females
and 567 males (as before, in a few cases not all
gene arrangements from the chromosomal set could be
identified).

Wing measurements

Wing size and shape were measured as previously
described (Santos et al., 2004). Briefly, wings were
removed from each fly and fixed in DPX under cover
slips on microscope slides. Bitmap images of the left
wings were captured and then used to record the x and y
coordinates of 13 morphological landmarks (for an open
access figure showing the landmarks used in this work,
see Santos et al., 2005b, http://www.biomedcentral.com/

1471-2148/5/7) by using the Fly Wing 15Lmk plug-in
(kindly provided by Chris P. Klingenberg) implemented
in IMAGEMAGEJ 1.33u software (http://rsb.info.nih.gov/ij/).
From the original landmark coordinates, wing size was

estimated in two different ways: as centroid size (CS) and
as wing length (WL). CS is defined as the square root of
the sum of the 26 squared Euclidian distances (x and y
directions separated) of the 13 landmarks to the centroid
(centre of gravity) (Dryden & Mardia, 1998). Following
Prevosti (1955), WL was estimated as the combined
lengths of the basal (L1: Euclidian distance between
landmarks 9 and 13) and distal (L2: Euclidian distance
between landmarks 13 and 5) segments of longitudinal
vein IV (http://www.biomedcentral.com/1471-2148/5/
7). The reason is that these linear measurements have
been previously used to study size and shape clines in
D. subobscura (e.g. Pegueroles et al., 1995; Huey et al.,
2000; Gilchrist et al., 2001, 2004).

Statistical analyses

Association between wing traits and gene arrangements
Following Huey et al. (2000), wing shape was defined
here as the ratio, basal length ⁄wing length (L1 ⁄WL). The
data from Puerto Montt were reanalysed using the linear
model:

yijkl ! l" <i " Aj " Tk " ATjk " eijkl; #1$

where l is the overall grandmean forwing size (shape),<i

is the randomeffect of the ith replicated line (i = 1, 2, 3),Aj

is the fixed effect of the gene arrangement for a particular
chromosome (j = 1, 2; see below), Tk is the fixed effect of
year when the population was sampled (i.e. it was already
defined at the beginning of the experiment to sample the
populations after 1 and 2 years of thermal selection) and
eijkl is the residual error associated with the size (shape) of
the lth fly from the ith line with the jth gene arrangement
that was sampled in the kth year.
The linear model used to analyse the wing variables

from Adraga was:

yijkl ! l" <i " Aj " Sk " ASjk " eijkl; #2$

where Sk is the fixed effect of sex (note that only males
were measured in the Puerto Montt population; hence,
sex was not included in eqn 1). A type III sum of squares
was used. Note that in linear models (1) and (2) all
interactions with replicated lines are assumed to be part
of the experimental error. Preliminary tests (results not
shown) indicated that the pooling was justified (see
Winer, 1971, pp. 391–394).
Following Menozzi & Krimbas (1992) and Orengo &

Prevosti (2002), the various gene arrangements were
divided into two groups based on the correlation of gene
arrangement frequencies and latitude: Group 1 includes
the standard gene arrangements (Ast, Jst, Ust, Est and Ost)
as they vary in the same direction in all chromosomes
and their increase in frequency at higher latitudes is

Inversion-trait associations in D. subobscura 3
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parallel to a body size increase in Palearctic populations.
Group 2 includes all other gene arrangements (see
Appendix 1). With the exception of A2+6 and O3+4+6,
which appeared at low frequencies in our samples from
Adraga, all other gene arrangements were found by
Orengo & Prevosti (2002) (note that their arrangement
O3+4+16+2 is O3+4+23+2 in Appendix 1).

Bottleneck effect
The genetic diversity of American populations of
D. subobscura is greatly reduced in comparison with
native European populations (Pascual et al., 2007). The
bottleneck effect could have had two additional conse-
quences on the genetic variability: (i) to shift the gene
arrangement frequencies in the colonizing population
when compared with the source population; and (ii) to
modify the biometrical effect of inversions on quantita-
tive traits by reshaping the association of different
arrangements with particular alleles. The first study of
gene arrangement frequencies in colonizing populations
was carried out in 1981, 3 years after the South Amer-
ican invasion (Prevosti et al., 1985; Balanyà et al., 2003).
Considering only those gene arrangements whose fre-
quencies were at least 5% in the initial survey (an
exception is O5 because it was not found at Adraga), a
total of 16 chromosomal arrangements crossed to the
New World: Ast, A2, Jst, J1, Ust, U1+2, U1+2+8, Est, E1+2+9,
E1+2+9+3, E1+2+9+12, Ost, O3+4, O3+4+2, O3+4+7 and O3+4+8.
The putative consequence of the bottleneck effect on the
inversion-size and inversion-shape associations was
analysed here by looking at the population · chromo-
somal arrangement interactions. More specifically, only
the data coming from males have been considered, and
the following linear model was used in the analysis:

yijkl ! l" Pi " <j#i$ " Ak " PAik " <Aj#i$k " bxl"eijkl; #3$

where l is the overall grand mean for wing size (shape),
Pi is the fixed effect of the population (Adraga vs. Puerto
Montt), <j(i) is the random effect of the jth replicated line
within population i, Ak is the fixed effect of the gene
arrangement for a particular chromosome, bxl is the
effect explained by the covariate ‘sampling period’ that
allows to correct for size differences between samples,
and eijkl is the residual error. Our focus here is to test for
the fixed Population · Chromosome interaction effect.
The computer programs used for statistical data anal-

yses were MATLABMATLAB (MathWorks, 2007) together with the
collection of tools supplied by the Statistics Toolbox, and
the statistical software packages STATISTICASTATISTICA V.8 (StatSoft,
2008) and SPSSSPSS V.15 (SPSS, 2006).

Results

Wing size

Basic statistics for CS, L1 and L2 associated with each
gene arrangement are given in Appendix 1. There was a

high correlation between CS and WL (r = 0.994;
P < 0.001) and, therefore, only CS (transformed as
logemm) was used as a measure of wing size for statistical
analyses.

The results for the Palearctic population at Adraga are
plotted in Fig. 1. No significant sex · gene arrangement
interaction was detected in any case (Table 1). Except for
chromosome U, there was a tendency for flies carrying
standard gene arrangements to have a bigger size,
although the differences were only statistically significant
for chromosomes E and O (remaining statistically signif-
icant after a sequential Bonferroni test; Rice, 1989). As
happened in the sample from Barcelona analysed by
Orengo & Prevosti (2002), the frequency of Ust in our
data set was low (%1%; Appendix 1) and we have also
focussed in the two most frequent gene arrangements as
they did: U1+2 and U1+2+8. Contrary to their claims, no
significant difference was detected here for wing size
between these two arrangements (F1,982 = 0.16,
P = 0.692).

In the colonizing population at Puerto Montt, a
significant year · gene arrangement interaction was
detected for chromosome O (F1,728 = 5.90, P = 0.015).
The analyses confirm our previous conclusion (Santos
et al., 2005a) that the only situation where a standard
gene arrangement was associated with a larger wing size
was for chromosome E (Fig. 1). The results for the gene
arrangement main effect can be summarized as follows.
Chromosome A: F1,691 = 2.53, P = 0.112; chromosome J:
F1,728 = 1.29, P = 0.257; chromosome U: F1,727 = 3.95,
P = 0.047; chromosome E: F1,728 = 7.58, P = 0.006; chro-
mosome O: F1,728 = 2.44, P = 0.119. The effect of chro-
mosome E remains statistically significant after a
sequential Bonferroni test.

As a global indication of the association between
inversion polymorphism and wing size we used the
‘ST-dose’; i.e. the number of standard gene arrangements
carried by a fly which can range from 0 to 5. The slopes of
the regression on the ST-dose (estimated from a multiple
linear regression holding constant the various confound-
ing variables; see above) were bST-dose = 4.3 · 10)3

(t = 4.19, d.f. = 988, P < 0.001) for Adraga (r2 = 0.011)
and bST-dose = )1.4 · 10)3 (t = 1.20, d.f. = 692, P > 0.05)
for Puerto Montt. These slopes are also different between
them (Adraga, 95% CI: 2.26 · 10)3, 6.24 · 10)3. Puerto
Montt: )3.58 · 10)3, 0.86 · 10)3). A test for homogene-
ity of slopes in an ANCOVAANCOVA model including only males
also detected a statistically significant population · ST-
dose interaction (F1,1183 = 15.57, P < 0.001).

Wing shape

The results for wing shape (expressed as arcsin
!!!!!!!!!!!!!!!!
L1=WL

p
;

see Huey et al., 2000) can be easily summarized as
follows. In the population of Adraga, the relative length
of the basal proportion of vein IV was significantly larger
for standard gene arrangements on chromosomes A

4 I . FRAGATA ET AL.
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(F1,1004 = 7.05, P = 0.008) and E (F1,1003 = 7.89,
P = 0.005) and significantly shorter for chromosome O
(F1,1005 = 4.90, P = 0.027), although statistical signifi-
cance is not maintained in this latter case after a
sequential Bonferroni test. Incidentally, no significant
difference between gene arrangements U1+2 and U1+2+8

was detected in flies from Adraga (F1,982 = 2.09,
P = 0.149).

In the population at Puerto Montt, all standard gene
arrangements had a shorter relative length of the basal
proportion of vein IV, and highly significant so for
chromosomes U (F1,727 = 9.27, P = 0.002) and O
(F1,728 = 21.07, P < 0.001). The contrasting patterns
between Adraga and Puerto Montt can be better appre-
ciated by plotting wing shape on the ST-dose (Fig. 2). The
slopes of the regressions (estimated as before from a
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Fig. 1 Centroid size (with 95% CIs) of Drosophila subobscura flies from Adraga and Puerto Montt according to segregating gene arrangements

on all major acrocentric chromosomes (grouped as ‘standard’ and ‘nonstandard’).

Table 1 Two-way ANOVAANOVAs (correcting for variation among replicated populations) on Drosophila subobscura flies from Adraga comparing

differences between sexes and gene arrangements (grouped as ‘standard’ and ‘nonstandard’) for centroid size according to the different

chromosomes.

Chromosome A Chromosome J Chromosome U Chromosome E Chromosome O

Source d.f. F P d.f. F P d.f. F P d.f. F P d.f. F P

Replicate 2 0.33 0.721 2 0.38 0.684 2 0.38 0.685 2 0.43 0.648 2 0.829 0.829

Sex (S) 1 2430.69 <0.001 1 3400.45 <0.001 1 277.23 <0.001 1 3702.85 <0.001 1 1301.44 <0.001

Arrangement (A) 1 0.58 0.447 1 3.16 0.076 1 2.24 0.135 1 8.59 0.003 1 8.63 0.003

S · A 1 3.54 0.060 1 0.10 0.751 1 1.21 0.271 1 0.006 0.804 1 2.13 0.144

Error 1004 1008 995 1003 1005

Inversion-trait associations in D. subobscura 5
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multiple linear regression holding constant the various
confounding variables) were bST-dose = 6.5 · 10)4 (t =
1.55, d.f. = 988, P = 0.121) for Adraga and bST-dose =
)2.1 · 10)3 (t = 5.05, d.f. = 692, P < 0.001) for Puerto
Montt (r2 = 0.002). The slopes are also different between
populations (Adraga, 95% CI: )0.17 · 10)3, 1.47 · 10)3.
Puerto Montt: )2.85 · 10)3, )1.26 · 10)3). As for wing
size, a test for homogeneity of slopes in an ANCOVAANCOVA model
including only males also detected a statistically signif-
icant population · ST-dose interaction (F1,1183 = 14.53,
P < 0.001).

Bottleneck effect

Figure 3 plots the results of wing size in relation to the
different gene arrangements that are shared by Adraga
and Puerto Montt populations. Only the data coming
from males have been considered in the analyses.
Analysis of the three-factor experiment in which the
replicated lines are nested in population (after correcting
for sampling periods; see eqn 3) detected a significant
population · chromosomal arrangement interaction on
wing size for chromosomes A (F1,1182 = 7.40, P = 0.007)
and O (F4,1169 = 6.89, P < 0.001). Parenthetically, the
results remain qualitatively the same when using a
likelihood ratio test comparing two models (MIXED
procedure in SPSSSPSS): one with and the other without the
population · chromosomal arrangement interaction
(results not shown). The Ast arrangement had a positive
effect at Adraga and the reverse was true at Puerto
Montt. The situation for chromosome O is more complex,
but the effect can be mainly attributed to the O3+4+7

arrangement which had the lowest wing size at Adraga
and the highest one at Puerto Montt.

Figure 4 plots the results for wing shape. It is obvious
that the relative length of the basal portion of longitu-
dinal vein IV was longer in flies from Puerto Montt,
which simply reflects a backward shift of the posterior
cross-vein compared with flies from Adraga. A significant
population · chromosomal arrangement interaction on
wing shape was detected for chromosomes A
(F1,1182 = 6.34, P = 0.012) and E (F3,1135 = 3.75,
P = 0.011), where the effect can be mainly attributed to
arrangement E1+2+9.

Discussion

Our present results using laboratory-reared flies, where
environmental effects have been carefully controlled
for, partially confirm the previous findings by Orengo
& Prevosti (2002). The main conflict was for chromo-
some U as we did not detect any significant effect of
gene arrangements on this chromosome on wing size.
Yet, in D. subobscura flies from native Palearctic popu-
lations there is indeed a general tendency for gene
arrangements that increase in frequency with increas-
ing latitude to be associated with a bigger size. As body
size clines are often repeatable across continents in the
same Drosophila species (Coyne & Beecham, 1987;
James et al., 1995; van’t Land et al., 1999; Huey et al.,
2000) they are probably produced by natural selection
rather than drift, and temperature is frequently
assumed to be the selective factor (but see Santos
et al., 2005a, 2006; Stillwell et al., 2008). Correlated
clinal patterns in inversion frequencies and body size in
Palearctic populations might therefore have a similar
underlying cause (as pointed out by Orengo & Prevosti,
2002), although it is unclear how temperature medi-
ates selection on body size in small ectotherms. It is
also unclear how to disentangle correlation and causa-
tion with these observations, as associations between
body size and inversions might lead to a size cline as a
by-product of selection for inversions (hitchhiking). A
potentially illuminating experiment, which to our
knowledge nobody has yet performed, would be to
isolate isochromosomal lines in an otherwise homoge-
neous genetic background along a latitudinal gradient.
Within-population, noninbred flies derived from the
lines could then be constructed and body size differ-
ences among populations could be studied in relation
to different inversions. The prediction is simple: a body
size cline independent of inversions would still appear
if and only if the genetic loci within individual gene
arrangements were differentiated among populations.
(Note that within-arrangement, among-population
genetic differentiation is not essential in the local
adaptation scenario for the maintenance of inversion
polymorphisms; Kirkpatrick & Barton, 2006.)

The invasion of the Americas by D. subobscura con-
vincingly demonstrated that the chromosomal polymor-
phism is adaptive (Balanyà et al., 2003), and suggested
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that inversion-size clines were uncoupled because they
evolved at different rates. Our present results reveal that
inversion-size associations in native and colonizing pop-
ulations are generally different, probably due to the

bottleneck effect that occurred in the initial invasion of
South America. The conclusion is reinforced by the
different slopes between size and ST-dose when compar-
ing Adraga and Puerto Montt. All in all, there is

Ast A2

Chromosome A

3.06

3.07

3.08

3.09

3.10

3.11

3.12

3.13

3.14
(a) (b)

(c)

(e)

(d)

C
en

tr
oi

d 
si

ze

Jst J1

Chromosome J

3.06

3.07

3.08

3.09

3.10

3.11

3.12

3.13

3.14

C
en

tr
oi

d 
si

ze

Ust U1 + 2 U1 + 2 + 8

Chromosome U

2.96

2.98

3.02

3.04

3.06

3.08

3.10

3.12

3.14

C
en

tr
oi

d 
si

ze

**

Est E1 + 2 + 9 + 3 E1 + 2 + 9 E1 + 2 + 9 + 12

Chromosome E

3.02

3.04

3.06

3.08

3.10

3.12

3.14

3.16

3.18
C

en
tr

oi
d 

si
ze

 Adraga

 Puerto montt

Ost O3 + 4

Chromosome O

3.06

3.08

3.10

3.12

3.14

3.16

3.18

3.20

C
en

tr
oi

d 
si

ze

***

O3 + 4 + 2 O3 + 4 + 7 O3 + 4 + 8

Fig. 3 Centroid size (with 95% CIs) in relation to chromosomal gene arrangements initially present in Chile at frequencies > 5%. Panels

(a–e) plot the results for each of the five major acrocentric chromosomes (statistical significance for the population · gene arrangement

interaction: **P < 0.01; ***P < .001; see text for details).

Inversion-trait associations in D. subobscura 7

ª 2 0 09 THE AUTHORS . J . E VOL . B IO L . do i : 1 0 . 1 1 11 / j . 1 4 20 - 9 10 1 . 2 00 9 . 0 18 7 3 . x
JOURNAL COMP I LA T I ON ª 2009 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

CHAPTER 5

124



compelling evidence to conclude that the size clines in
New World populations are largely independent of
inversion clines, which gives some support to the idea

that hitchhiking as a by-product of selection for inver-
sions might not be the only explanation for the Old
World size clines.
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Now consider the striking difference in the slopes of
wing shape (as measured by the index L1 ⁄WL) against
latitude between European and North American
D. subobscura, with the shape index increasing in Europe
and decreasing in North America with increasing latitude
(Huey et al., 2000). The shape changes involved in
the clinal patterns consist of a feature that is widely
observed in variation within or between populations of
Drosophila: a proximal or distal shift of the posterior cross-
vein along longitudinal veins IV and V (Gilchrist et al.,
2000; Klingenberg & Zaklan, 2000; Santos et al., 2005b;
Dworkin & Gibson, 2006). Gene arrangements on most
chromosomes (A, E and O in Adraga; U and O in Puerto
Montt) affect the position of the posterior cross-vein, and
inversion-shape associations happen to be different
between native and colonizing populations. The pattern
in Fig. 2 is conspicuously similar to the latitudinal pattern
when replacing latitude by ST-dose (see Fig. 1b in Huey
et al., 2000), which itself increases with latitude in Old
and New World populations. Together with the realiza-
tion that the wing shape cline in North America pre-
dated the size cline (Santos et al., 2004, pp. 852–853), it
seems safe to conclude that wing shape in D. subobscura is
somewhat changing as a correlated response to latitudi-
nal shifts in gene arrangement frequencies, and the
contrasting geographic variation for wing shape between
Europe and North America largely mirrors the different
inversion-shape associations in both continents.

Concluding remarks

The evolutionary trajectory of a population is a compro-
mise between deterministic (natural selection), stochastic
(genetic drift) and historical processes; the latter due to
inertial effects of history. Contingent, unpredictable
evolution was suggested as an explanation for the
different details involved in the otherwise parallel wing
size clines between Old and New World populations of
D. subobscura (Huey et al., 2000; Gilchrist et al., 2001).
The present study highlights the importance of historical
effects that originated from the bottleneck during the
colonization of the Americas by D. subobscura, and
challenges the assertion that contingency was involved
in shaping the different details underlying the size clines.
Contrasting wing shape clines came out as a correlated
response of the convergent evolution of inversion clines
in the Americas with the long-standing ones in native
European populations. Our data show that even variable
evolutionary patterns might be predictable, as long as the
genetic background of the founder individuals is taken
into account.
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Appendix

Table A1 Chromosomal polymorphism of Drosophila subobscura derived from the populations at Adraga (Palearctic) and
Puerto Montt (Chile) together with some basic statistics (mean + SD) for centroid size (CS), basal length of longitudinal
vein IV (LI) and distal length of longitudinal vein IV (L2). (Only the cases where information for wing traits is available
are included.)

Gene arrangement

Females Males

n (freq.) CS LI L2 n (freq.) CS LI L2

Population: Adraga (Portugal)

Ast 73 (0.144) 3.388 ± 0.083 1.399 ± 0.042 1.216 ± 0.042 89 (0.177) 3.062 ± 0.091 1.257 ± 0.041 1.108 ± 0.039

A1 8 (0.016) 3.388 ± 0.089 1.388 ± 0.039 1.217 ± 0.044 7 (0.014) 3.076 ± 0.041 1.266 ± 0.028 1.107 ± 0.038

A2 424 (0.836) 3.395 ± 0.078 1.398 ± 0.042 1.221 ± 0.037 407 (0.809) 3.043 ± 0.078 1.243 ± 0.038 1.108 ± 0.037

A2+6 2 (0.004) 3.432 ± 0.026 1.421 ± 0.028 1.230 ± 0.029 – – – –

Jst 122 (0.240) 3.404 ± 0.081 1.401 ± 0.042 1.225 ± 0.040 110 (0.218) 3.054 ± 0.080 1.246 ± 0.041 1.110 ± 0.034

J1 387 (0.760) 3.391 ± 0.078 1.397 ± 0.042 1.219 ± 0.037 395 (0.782) 3.045 ± 0.080 1.246 ± 0.039 1.108 ± 0.038

Ust 7 (0.014) 3.386 ± 0.091 1.392 ± 0.055 1.227 ± 0.034 6 (0.012) 2.992 ± 0.069 1.224 ± 0.032 1.084 ± 0.027

U1+2 169 (0.338) 3.393 ± 0.078 1.399 ± 0.041 1.219 ± 0.038 185 (0.369) 3.052 ± 0.078 1.245 ± 0.039 1.113 ± 0.038

U1+2+8 324 (0.648) 3.397 ± 0.078 1.398 ± 0.042 1.221 ± 0.038 310 (0.619) 3.045 ± 0.081 1.247 ± 0.039 1.106 ± 0.037

Est 118 (0.234) 3.406 ± 0.078 1.408 ± 0.043 1.218 ± 0.038 149 (0.296) 3.060 ± 0.082 1.253 ± 0.039 1.110 ± 0.039

E8 5 (0.010) 3.417 ± 0.075 1.416 ± 0.026 1.215 ± 0.041 2 (0.004) 2.917 ± 0.015 1.192 ± 0.042 1.061 ± 0.052

E1+2 90 (0.178) 3.399 ± 0.078 1.403 ± 0.043 1.218 ± 0.037 82 (0.163) 3.047 ± 0.081 1.250 ± 0.042 1.102 ± 0.034

E1+2+9 108 (0.214) 3.381 ± 0.078 1.389 ± 0.038 1.221 ± 0.042 115 (0.228) 3.038 ± 0.074 1.236 ± 0.035 1.112 ± 0.036

E1+2+9+3 11 (0.022) 3.428 ± 0.063 1.410 ± 0.034 1.233 ± 0.028 7 (0.014) 3.071 ± 0.056 1.265 ± 0.044 1.110 ± 0.037

E1+2+9+12 173 (0.343) 3.389 ± 0.080 1.392 ± 0.042 1.221 ± 0.036 149 (0.296) 3.043 ± 0.081 1.244 ± 0.038 1.108 ± 0.038

Ost 35 (0.069) 3.408 ± 0.070 1.399 ± 0.045 1.231 ± 0.024 45 (0.089) 3.084 ± 0.090 1.254 ± 0.046 1.129 ± 0.035

O7 2 (0.004) 3.399 ± 0.021 1.386 ± 0.021 1.241 ± 0.014 4 (0.008) 3.043 ± 0.076 1.246 ± 0.036 1.109 ± 0.029

O3+4 250 (0.493) 3.400 ± 0.081 1.403 ± 0.041 1.220 ± 0.040 245 (0.486) 3.048 ± 0.076 1.247 ± 0.037 1.106 ± 0.037

O3+4+1 29 (0.057) 3.382 ± 0.071 1.389 ± 0.042 1.221 ± 0.033 32 (0.063) 3.029 ± 0.081 1.245 ± 0.039 1.098 ± 0.040

O3+4+2 13 (0.026) 3.435 ± 0.087 1.408 ± 0.041 1.243 ± 0.053 18 (0.036) 3.101 ± 0.083 1.263 ± 0.036 1.128 ± 0.035

O3+4+6 5 (0.010) 3.403 ± 0.040 1.383 ± 0.025 1.243 ± 0.016 3 (0.006) 3.065 ± 0.076 1.244 ± 0.030 1.125 ± 0.022

O3+4+7 145 (0.286) 3.381 ± 0.080 1.392 ± 0.043 1.216 ± 0.037 137 (0.272) 3.028 ± 0.079 1.239 ± 0.041 1.102 ± 0.038

O3+4+8 24 (0.047) 3.382 ± 0.069 1.392 ± 0.034 1.213 ± 0.035 17 (0.034) 3.063 ± 0.044 1.248 ± 0.024 1.120 ± 0.023

O3+4+23+2 4 (0.008) 3.408 ± 0.014 1.405 ± 0.032 1.221 ± 0.023 3 (0.006) 3.031 ± 0.158 1.251 ± 0.070 1.093 ± 0.041

Inversion-trait associations in D. subobscura 11
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Appendix: Continued.

Males (2002) Males (2003)

n (freq.) CS LI L2 n (freq.) CS LI L2

Population: Puerto Montt (Chile)

Ast 83 (0.230) 3.157 ± 0.089 1.298 ± 0.049 1.133 ± 0.034 61 (0.182) 3.118 ± 0.079 1.291 ± 0.047 1.105 ± 0.031

A2 278 (0.770) 3.171 ± 0.091 1.308 ± 0.049 1.131 ± 0.035 275 (0.818) 3.126 ± 0.071 1.295 ± 0.042 1.111 ± 0.031

Jst 55 (0.140) 3.162 ± 0.096 1.298 ± 0.051 1.132 ± 0.034 27 (0.079) 3.119 ± 0.060 1.291 ± 0.034 1.107 ± 0.034

J1 339 (0.860) 3.168 ± 0.088 1.307 ± 0.048 1.131 ± 0.035 313 (0.921) 3.125 ± 0.074 1.295 ± 0.044 1.110 ± 0.031

Ust 103 (0.262) 3.159 ± 0.090 1.298 ± 0.051 1.131 ± 0.035 126 (0.371) 3.116 ± 0.071 1.287 ± 0.041 1.111 ± 0.032

U1+2 215 (0.547) 3.163 ± 0.088 1.303 ± 0.047 1.131 ± 0.034 113 (0.332) 3.132 ± 0.064 1.299 ± 0.037 1.113 ± 0.031

U1+2+8 75 (0.191) 3.192 ± 0.087 1.325 ± 0.046 1.133 ± 0.037 101 (0.297) 3.126 ± 0.082 1.300 ± 0.051 1.105 ± 0.031

Est 277 (0.703) 3.174 ± 0.091 1.308 ± 0.048 1.134 ± 0.036 206 (0.606) 3.128 ± 0.074 1.294 ± 0.043 1.112 ± 0.033

E1+2+9 20 (0.051) 3.178 ± 0.083 1.318 ± 0.046 1.126 ± 0.028 31 (0.091) 3.131 ± 0.073 1.303 ± 0.049 1.109 ± 0.023

E1+2+9+3 48 (0.122) 3.131 ± 0.088 1.296 ± 0.055 1.118 ± 0.030 61 (0.179) 3.112 ± 0.071 1.292 ± 0.041 1.106 ± 0.029

E1+2+9+12 49 (0.124) 3.160 ± 0.072 1.300 ± 0.042 1.132 ± 0.031 42 (0.124) 3.122 ± 0.073 1.296 ± 0.045 1.102 ± 0.033

Ost 35 (0.089) 3.130 ± 0.088 1.282 ± 0.052 1.129 ± 0.037 38 (0.112) 3.130 ± 0.081 1.285 ± 0.044 1.126 ± 0.032

O5 1 (0.003) 3.252 1.335 1.160 2 (0.006) 3.087 ± 0.011 1.282 ± 0.004 1.113 ± 0.008

O7 – – – – 1 (0.003) 3.080 1.290 1.074

O3+4 25 (0.063) 3.157 ± 0.089 1.303 ± 0.048 1.128 ± 0.028 20 (0.059) 3.105 ± 0.064 1.299 ± 0.038 1.092 ± 0.031

O3+4+2 228 (0.579) 3.173 ± 0.089 1.309 ± 0.048 1.132 ± 0.035 198 (0.582) 3.129 ± 0.071 1.296 ± 0.043 1.111 ± 0.031

O3+4+7 54 (0.137) 3.184 ± 0.073 1.317 ± 0.043 1.131 ± 0.033 43 (0.126) 3.132 ± 0.083 1.310 ± 0.046 1.101 ± 0.035

O3+4+8 51 (0.129) 3.152 ± 0.098 1.298 ± 0.050 1.129 ± 0.034 38 (0.112) 3.099 ± 0.066 1.280 ± 0.042 1.104 ± 0.024
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Abstract:

Clinal variation is one of the most emblematic examples of the action of natural selection at a

wide geographical range. In Drosophila subobscura parallel clines in body size and inversions,

but not in wing shape, were found in Europe and South and North America. Previous work

has shown that a bottleneck effect might be largely responsible for differences in wing trait-

inversions association between one European and one South American population. One question

still unaddressed is if the associations found before are present across other populations of the

European and South American clines. Another open question is whether evolutionary dynamics

in a new environment can lead to relevant changes in wing traits-inversions association. In order

to analyze geographical variation in these associations, we characterized three recently labora-

tory founded Drosophila subobscura populations from both the European and South American

latitudinal clines. To address temporal variation, we also characterized the association at a later

generation in the European populations. We found that wing size and shape associations can

be generalized across populations of the same continent, but may change through time for wing

size. The observed temporal changes are probably due to changes in the genetic content of inver-

sions, derived from adaptation to the new, laboratory environment. Finally, we show that it is not

possible to predict clinal variation from intrapopulation associations. All in all this suggests that,

at least in the present, wing traits-inversion associations are not responsible for the maintenance

of the latitudinal clines in wing shape and size.

Keywords: Chromosomal Polymorphisms; Clinal Variation; Drosophila subobscura; Founder

Effects; Real-time Evolution; Historical Events; Wing Shape; Wing Size.
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Introduction

One of the most well known phenomena illustrating the ability of species to cope with

different environments is clinal variation. This variation has been attributed to the effect of nat-

ural selection and local adaptation (Endler, 1986). One of richest examples of clinal variation is

in the Drosophila genus, in which variation correlated with altitude or latitude has been found

for several traits (Weeks et al., 2002; Santos et al., 2006; Hoffmann & Weeks, 2007). A rele-

vant trait that has been shown to present clinal variation in Drosophila is body size (Huey et al.,

2000; Gilchrist et al., 2001; Gilchrist & Huey, 2004; Hoffmann & Weeks, 2007). Several stud-

ies tried to assess the genetic basis of this variation through QTL analysis or association with

genetic markers (Hoffmann et al., 2004; Hoffmann & Weeks, 2007). These studies indicate that

variation in body size is in part associated with chromosomal inversions. Latitudinal variation

in different traits (namely body size) can also be associated with these structural chromosomal

variants (Hoffmann & Willi, 2008). One striking example is the association between the inver-

sion In(3R)Payne and body size in D. melanogaster , which explains most of the variation found

in nature for this trait (Weeks et al., 2002; Calboli et al., 2003; Rako et al., 2006; Kennington

et al., 2007). Examples of size or shape associations with chromosomal inversions have also

been found in other Drosophila species (Ruiz et al., 1991; Fernández Iriarte et al., 2003; Yadav

& Singh, 2007; Hatadani & Klaczko, 2008). Additionally, studies in D. subobscura have also re-

ported an association between chromosomal inversions and wing size (Orengo & Prevosti, 2002;

Fragata et al., 2010). Nevertheless, the stability of these associations across time and space, par-

ticularly considering the possible effect of clinal variation in inversion frequencies, has not been

fully addressed.

Drosophila subobscura is a Paleartic species where latitudinal clines for both chromosomal

polymorphisms and wing traits have been reported (Huey et al., 2000; Balanyà et al., 2003,

2006; Gilchrist & Huey, 2004; Rezende et al., 2010). This species has recently invaded South

and North America (Prevosti et al., 1988; Rezende et al., 2010). After only a few years, clines

similar to those in the ancestral populations were observed in the colonized populations (Prevosti

et al., 1988; Krimbas, 1992; Huey et al., 2000; Gilchrist et al., 2001; Gilchrist & Huey, 2004;
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Solé et al., 2002; Balanyà et al., 2003, 2004; Rezende et al., 2010). The rapid formation of

both body size and inversion clines after the colonization, together with the consistent clinal

trends in the three continents, might suggest that the wing size cline had been driven by the

inversion polymorphism cline. However, the formation of the clines was not simultaneous, with

the inversion cline preceding the body size cline (Pegueroles et al., 1995; Balanyà et al., 2003;

Santos et al., 2004). As for wing shape, clines were also observed in the Old and New World

populations. In this case, the fact that the shape cline in North America pre-dated the size cline

suggests that it evolved as a correlated response of inversion frequency shifts (Santos et al.,

2004). Nevertheless, there was disparity of signs between continents, with positive signs in

Europe and South America, and a negative sign in North America (Huey et al., 2000; Gilchrist

et al., 2001; Gilchrist & Huey, 2004). This suggests that a founder effect associated with the

North American colonization might be responsible for the differences in the shape cline, possibly

due to changes in the wing shape-inversion association. Overall, the picture that emerges is

that, at least for the New World populations, the wing size and inversions clines appear to be

uncoupled (Santos et al., 2005), but that might not be the case for wing shape (Santos et al.,

2004).

To estimate the association between wing traits and chromosomal inversions and the pos-

sible effect of the bottleneck associated with the colonization, Fragata et al. (2010) analysed one

population of South America (Puerto Montt) and one European population (Adraga). They ob-

served that the association differed between continents, for both wing size and wing shape. In

general, these differences were attributed to the bottleneck effect associated with the colonization

(Pascual et al., 2007), although other sources of genetic variation could not be ruled out since

only one population was analyzed in each continent. Moreover, no association was found be-

tween wing size and inversions (standard or non standard) for Puerto Montt, which suggests that

the two clines evolved independently in South America. On the other hand, the authors advanced

that the negative association between wing shape and inversions in Puerto Montt – expected to

represent the pattern of a North America colonizer population – might explain the contrasting

cline for wing shape between Europe and South America vs. North America. However, if other

South American populations have the same negative sign in the association between wing shape
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and inversions, how can South America present a positive cline for shape and inversions? This

would render extrapolations from association patterns to clinal patterns invalid. On the other

hand, if the sign is not consistent across populations it might be the case that Puerto Montt was

responsible for the North American cline and other contingent processes might have driven the

South American cline. In this last case there might be a causal link between the inversions and

the wing shape clines.

Nevertheless, a general a priori expectation would be that in South America differences

between populations in inversion-wing traits association should be reduced due to the bottle-

neck effect of the colonization and the recent history of the populations (Pascual et al., 2007;

Rezende et al., 2010). However in the ancestral European populations variation can occur due to

historical events and so differences in the association between wing traits and inversions might

arise. Thus, the southern peninsulas of Europe acted as refuge for many species (including D.

subobscura; Krimbas & Loukas, 1980) at the height of the last Weichselian ice age (20 kya);

species which rapidly expanded northward as the climate warmed (Hewitt, 2000). This glacial-

interglacial climatic reversal resulted in highly differentiated populations and, therefore, it is not

clear whether inversion-size associations detected in source populations of D. subobscura from

the Iberian Peninsula (Orengo & Prevosti, 2002; Fragata et al., 2010) can be generalized to the

whole Paleartic region.

Considering all of the above, an interesting question is to address whether or not we can

generalize intrapopulation association of inversions and wing traits to other populations of the

same continent. Another interesting question is whether inversion-size association may also

change due to adaptation to a new environment. Adaptation to new environmental conditions

might lead to changes in the association as a result of variation in inversion frequencies across

populations and/or changes in the genetic content of inversions directly affecting size. In fact,

Fragata et al. (2014a) found significant changes in inversion frequencies during adaptation to the

laboratory, which ultimately might impact on traits affected by them.

In this study we aim to test if we can generalize results obtained from one single population

to the continent level using populations from different latitudes and thus also test the repeatabil-

ity of the wing traits-inversion associations found previously (Fragata et al., 2010). Our data will
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also contribute to the debate on whether wing trait clines are driven by associations with inver-

sions. To tackle these issues we analysed the association between wing traits and inversions in

three D. subobscura populations along the cline of each continent (Europe and South America).

To test the repeatability of our study relative to Fragata et al. (2010) we sampled both populations

analysed in the latter study. Additionally, we analysed European populations after 25 generations

in the laboratory testing for temporal changes in the association as a result of adaptation to a new

environment. Moreover, we tested if changes in associations through space and time could be

explained solely by variation in inversion frequencies across populations.

Material and Methods

Founding and Maintenance of Populations

European Drosophila subobscura individuals were collected in August 2010 from three

locations in Europe along a latitudinal gradient – Adraga (38o48‘N, 9o29‘W - Portugal), Mont-

pellier (43o36‘N, 3o50‘E - France) and Groningen (53o14‘N, 6o33‘E - Netherlands), originating

three foundations in the lab. The number of founding females was 234 for Adraga, 171 for

Montpellier and 160 for Groningen. Females were maintained as families during the first two

generations as described previously (Fragata et al., 2014a,b). At generation three an equal num-

ber of individuals from all lines were randomly mixed, giving rise to the outbred populations.

All foundations were three-fold replicated at generation 4.

South American individuals were collected in November 2010 from 3 distinct locations

following a latitudinal gradien – Santiago (33o27‘S, 70o42‘W), Chillàn (36o30‘S, 72o06‘W) and

Puerto Montt (41o28‘S, 72o57‘W) - Chile, giving rise to three foundations in the lab. Fifty isofe-

male lines were maintained per foundation and gave rise to a F2 outbred population (see also

Castañeda et al., 2013). At generation three these South American populations (three fold repli-

cated) were brought to our lab during their development stage, and were thereafter maintained

following the same procedure as used for the European foundations. Populations were main-

tained with synchronous discrete generations of 28 days, reproduction close to peak fecundity,

photoperiod of 12 hours of light: 12 hours of dark at 18oC, with census sizes generally between
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500 and 1200 individuals. Flies were kept in vials with controlled density both for eggs (around

70 per vial) and adults (around 50 per vial). At each generation, flies emerging from the several

vials of a given population were thoroughly randomized four to five days after emergence, using

CO2 anaesthesia. Egg collection for the next generation was done one week later.

Chromosomal Inversions

Analyses of chromosomal inversion polymorphism were performed at generation 6 in both

European and South American populations and generation 25 of the European populations. The

gene arrangements present in all five D. subobscura chromosomes were determined by individ-

ually crossing virgin males from the populations with three or four virgin females of the chcu

homokaryotypic strain (Balanyà et al., 2004). The polytene chromosomes of one female third

instar larva from each cross were analysed for chromosomal inversions as described in (Balanyà

et al., 2004; Fragata et al., 2014a). The chromosomal arrangements were classified according

to Kunze-Mühl & Müller (1958). The number of individuals scored per population was around

100. The parameter Standard dose – total number of standard arrangements across the five chro-

mosomes per individual – was used in the analysis of the association between chromosomal

inversions and wing traits (see also Fragata et al., 2010).

Wing Traits

The wing traits analysed in this study were wing size and shape (see details in Santos et al.,

2004; Fragata et al., 2010). Wing measurements were obtained for the same individuals used to

score inversions. For the wing size measurements, x and y coordinates of 13 morphological land-

marks of the wing (see Santos et al., 2005 and Fragata et al., 2010). From the original landmark

coordinates, wing size was estimated as centroid size (CS) (Dryden & Mardia, 1998). Wing

shape was defined as the ratio of basal L1 segment (Euclidian distance between landmarks 9 and

13) and the Wing Length which was estimated following Prevosti (1955). These linear measure-

ments were used to allow direct comparisons with other studies of size and shape clines in D.

subobscura (e.g. Pegueroles et al., 1995; Huey et al., 2000; Gilchrist et al., 2001; Gilchrist &

Huey, 2004; Fragata et al., 2010). Analyses were performed using the log-transformed centroid
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size values.

Statistical Methods

Association between Wing Traits and Standard Dose

For each European and South American foundation an ANCOVA model was applied to

test for an association between wing traits (Logarithm of Centroid Size and Wing Shape) and

standard dose. This model was performed using data from generation 6 and 25 of the European

foundations separately. The model was the following:

Y = µ+ Pop + ST-dose + �, (1)

where Pop is a random factor that corresponds to the three replicate populations of each foun-

dation, ST-dose is the covariate that corresponds to the number of standard gene arrangements

per individual and is the residual error. Similarly to the model used by Fragata et al. (2010),

interactions with replicate populations were not defined as a separate term, being included in

the residual error (see Winer, 1971, pp. 391–394). This pooling was also done in all analyses

involving replicate populations.

To analyse the association within each continent the following ANCOVA model was applied:

Y = µ+ Pop + ST-dose + ST-dose ∗ Found + �, (2)

where Found is a fixed factor that corresponds to the three foundations of each Continent with

Pop nested within foundation.

To test for differences between continents the following ANCOVA model was applied:

Y = µ+ Cont + Found{Cont}+ Pop{Found{Cont}}+ ST-dose + ST-dose ∗ Cont

+ST-dose ∗ Found{Cont}+ �,

(3)
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where Cont is a fixed factor that refers to the two continents with Found (random effect) nested

in each continent. An ANCOVA model was also applied to test for possible changes in the asso-

ciation between wing traits and standard dose across generations, in the European foundations.

The model was the following:

Y = µ+ Pop + ST-dose + Gen + ST-dose ∗ Gen + �, (4)

To analyse if the association changed differently between generations and foundations the

following ANCOVA model was applied:

Y = µ+ Found + Pop{Found}+ ST-dose + Gen + ST-dose ∗ Found + ST-dose ∗ Gen

+Gen ∗ Found + ST-dose ∗ Found ∗ Gen + �,

(5)

To test for repeatability of the results of our study with those of Fragata et al. (2010) the

following ANCOVA model was applied to the Adraga and Puerto Montt data separately:

Y = µ+ Year + Pop{Year}+ ST-dose + ST-dose ∗ Year + �, (6)

where Year is a fixed factor that refers to the data obtained in the two different studies and Pop

is a random factor nested within each year (replicate populations).

Association between Wing Traits and gene arrangements in each chromosome

Associations between standard and non-standard gene arrangements and wing traits were

also tested for each chromosome separately. These involved the same linear models described

above (equations 1, 2, 3, 4 and 5) but instead of the standard dose we used information on the

presence or absence of standard gene arrangements in each chromosome separately. FDR cor-

rection for multiple testing was applied whenever required, according to Benjamini & Yekutieli

(2001), theorem 1.3. In particular this was done when separate tests were made for each of the

five chromosomes, or in pair-wise comparisons between populations. All analyses were per-
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formed using Statistica 8.0.

Predicting temporal and spatial changes in the inversion – size associations

In order to test if the wing size-inversion association in the different foundations could be

predicted from spatial and temporal changes in inversion frequencies, we performed simulations

assuming that inversions have two alleles (or classes), standard vs non-standard affecting body

size additively. Average effects of allelic substitution (Falconer & Mackay, 1996) of each chro-

mosome allele on size were calculated for each foundation (used as source foundation) and were

combined with the inversion frequencies of the foundation under study (focal foundation) to

generate the association. Average effects of each source foundation were applied to estimate the

association in focal foundations varying in space and/or time. Specifically, we simulated the as-

sociation between inversions and wing size for a total of 500 genotypes per foundation. Using the

different standard and non-standard inversion frequencies of the focal foundation we constructed

random genotypes, assuming Hardy-Weinberg equilibrium. The size of each randomly gener-

ated individual was calculated as the sum of the average effect of each chromosome class (from

a given source foundation) in its karyotype. We then calculated standard dose by constructing

haplotypes by randomly sampling one of two homologous chromosomes from each individual.

The association was calculated as a simple regression using the standard dose and size of these

500 randomly constructed individuals, and 95% confidence intervals were estimated. Compar-

isons with Adraga did not include data from the U chromosome since UST was not present in this

foundation.

For each generation and foundation, the results of these simulations were compared to the

slopes and 95% confidence intervals obtained for the real data through bootstrap resampling. The

bootstrap technique used was similar to that of Simões et al. (2008), by performing resampling

of the residuals obtained from the wing size-standard-dose regression of each foundation. We

performed 9999 iterations per foundation and generation for both the simulations and bootstrap

analyses. Both analyses were performed using R (2014).

140



CHAPTER 6

Results

Association between Wing Traits and Standard Dose

Analysis per foundation

We tested the association between wing traits (wing size and shape) and standard dose for

each foundation independently. In generation 6, for both European and South American foun-

dations no significant association was found for wing size (Fig. 1; Table 1). Nevertheless, all

foundations presented a positive slope, with the exception of Puerto Montt (Table 1). At gener-

ation 25, there was a significant positive association between standard dose and wing size in all

of the European foundations (Fig. 1; Table 1).

Table 1 – Linear regressions for the association between wing shape or size and standard dose for all
foundations studied.

 !"

Continent Generation Foundation 
Wing Size Wing Shape 

Equation R2 Equation R2 

Europe 

6 

Ad 0.0016x + 0.4709 n.s. 0.00033 0.0004x 0.8181 n.s. 0.0514 

Mo 0.0011x + 0.4650 n.s. 0.03250 -0.0009x + 0.8168 n.s. 0.0131 

Gro 0.0004x + 0.4891 n.s. 0.00948 -0.0009x + 0.8184 m.s. 0.0005 

25 

Ad 0.0047x + 0.4640 *** 0.13065 0.0009x + 0.8149 n.s. 0.0627 

Mo 0.0021x + 0.4781 *** 0.10387 -0.00009x + 0.8169 n.s. 0.1962 

Gro 0.0024x + 0.47291*** 0.05498 0.0004x + 0.8075 n.s. 0.0517 

South 

America 
6 

Ch 0.0009x + 0.4839 n.s. -0.00068 -0.002x + 0.8224 *** 0.0468 

Sa 0.0005x + 0.4720 n.s. 0.15978 -0.0019x + 0.8202 *** 0.0558 

PM -0.0011x + 0.4828 n.s. 0.06960 -0.0024x + 0.8262 *** 0.1163 

Note: significance levels: p> 0.1 n.s.; 0.1>p>0.05 m.s.; 0.05>p>0.01*; 0.01>p>0.001**; p<0.001 ***. #"

"$"

Note: significance levels: P> 0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01*; 0.01>P>0.001**; P<0.001 ***.

The association between wing shape and standard dose was significant in all South Ameri-

can foundations, but not in any of the European at generation 6 or 25 (Fig. 1, Table 1). All foun-
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dations presented a negative association between wing shape and standard dose, except Adraga,

which presented a positive slope. When testing the effect of standard vs. non-standard arrange-

ments no consistent patterns were observed across foundations of the same continent (Table S1).

The only exception was the significant effect of OST in wing shape for all three South American

foundations (Table S1B).

Figure 1 – Linear regressions of the association between wing traits and standard dose. Association
between wing size and standard dose for South American populations (A), European populations at gen-
eration 6 (B) and at generation 25 (C) are shown. Association between wing shape and standard dose for
South American populations (D); European populations at generation 6 (E) and at generation 25 (F) are
shown.

Analysis within and between continents

We tested if the observed patterns in each foundation, at generation 6, could be generalized

to the whole Continent. Results were similar to those described above for each foundation inde-

pendently: i) no significant association between standard dose and wing size was found within

each continent; ii) negative association between standard dose and wing shape within South
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America (Table 2). Moreover, no differences were found between foundations within Continents

for either association (Table 2, Table S3a). When comparing wing traits vs standard dose associ-

ation between continents, no differences were found for wing size, while significant differences

were observed for wing shape (F(1, 1794) =8.924, P=0.0029), with a strong negative sign in South

America (see also Fig. 1).

Table 2 – Analysis of differences in the association between wing traits and standard dose between
foundations within each continent using ANCOVA. Standard dose was defined as covariate.

 !"

Continent Parameter/Model Wing Size F(df1,df2) Wing Shape F(df1,df2) 

Europe 
Std F(1,862)=6.532 m.s. F(1,862)=1.521 n.s. 

Found*Std F(2,862)=0.349 n.s. F(2,862)=0.735 n.s. 

South 

America 

Std F(1,928)=0.033 n.s. F(1,928)=135.699 ** 

Found*Std F(2,928)=2.458 m.s. F(2,928)=0.364 n.s. 

Note: significance levels: p> 0.1 n.s.; 0.1>p>0.05 m.s.; 0.05>p>0.01*; 0.01>p>0.001**; p<0.0 #"
Note: significance levels: P> 0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01*; 0.01>P>0.001**; P<0.001 ***.

Pairwise differences between European and South American foundations were also per-

formed (Table S3b). Interestingly, only the foundations that were analysed in the previous study

(Fragata et al., 2010), Adraga and Puerto Montt, presented significant differences in the associ-

ation between wing shape and standard dose after FDR correction (F(1,602)= 6.651, P=0.0101) –

see Table S3b.

Comparing our data with that of Fragata et al. (2010), we observed differences in wing

size between data sets for both Adraga and Puerto Montt, but no significant differences in the

association with standard dose (Table S4). No differences were found between studies either in

wing shape, or in the association between wing shape and standard dose (Table S4).

We also tested the association between wing traits and specific standard inversions both

within and between continents. For wing size we found a significant effect of the E chromosome

for European populations (see Table S2). As for wing shape vs. standard inversions association

we found a significant effect of the O chromosomes for South American populations (Table S2).

Significant differences in the association between traits and inversions were only observed in

Europe for the association between wing shape and the U inversions (Table S2). When com-
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paring the two continents we found significant differences for the association between wing size

and A inversions (ANCOVA, F(1,1794)=7.358, P=0.0067), with AST bigger than ANon-ST individu-

als in Europe and the reverse in South America. We also found significant differences between

continents for wing shape and E inversions (ANCOVA, F(1,1794)=14.546, P=0.0001), with EST in-

dividuals presenting higher values that those non standard in Europe, while the opposite pattern

was found in South America – see Fig. S1.

Analysis between generations in the European foundations

The ANCOVA test across foundations showed significant differences between the two

generations in the wing size-standard dose association (F(1,1748) = 7.36, P¡0.0067), with simi-

lar patterns across foundations (ANCOVA Foundation*Generation*St-Dose interaction - F(2,1748)

= 1.13, P=0.32). Nevertheless, ANCOVAs performed per foundation indicated that the asso-

ciation only changed significantly (from null to positive) for Groningen (Gro: F(1,589) = 7.01,

P=0.008; Ad: F(1,593) = 3.71, P=0.055; Mo: F(1,566) = 0.19, P=0.66). For wing shape no temporal

differences in the association were found either in all foundations (F(1,1748) = 1.19, P=0.27); for

each foundation (Gro: F(1,589) = 3.38, P=0.067; Ad: F(1,593) = 0.08, P=0.78; Mo: F(1,566) = 0.30,

P=0.86); or between foundations (F(2,1748) = 0.57, P=0.56).

Additionally, the association between standard/non-standard inversions and wing traits was

also studied between generations. ANCOVAs performed between generations indicated signif-

icant changes only for Groningen, specifically in the association between OST and wing size

(F(1,589) = 5.39, P=0.02), which presented a negative sign at generation 6 and a positive sign at

generation 25 (Table S1). As for the wing shape association, significant changes between gen-

erations were only found for Groningen, specifically for the UST (F(1,589)= 6.10, P=0.014). As

observed for Wing Size, the sign of the association shifted from negative to positive values from

generation 6 to 25 (Table S1). Overall we did not find differences between foundations in the

temporal changes of this association (ANCOVA, P>0.05).

Predicting temporal and spatial changes in inversion – size associations

Comparisons between the distributions of real and simulated inversion-size associations
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Figure 2 – Comparisons of real and simulated slopes for the European foundations at generation 6 and 25.
Real slope (red dashed line) and bootstrap confidence interval (shaded interval) for each focal foundation
are shown. Confidence intervals for simulated slopes (based on estimated additive effects of each source
foundation) are indicated by horizontal bars. Ad - Adraga; Mo - Montpellier; Gro – Groningen.

allow us to test if changes in inversion frequencies can explain differences in associations across

space and/or time. Assuming a similar additive effect of standard and non-standard inversions

on body size between foundations and taking into account the inversion frequencies of the focal

foundations, we expect that real associations fall within the 95% boundaries of the simulated

association. On the other hand, real associations outside of the confidence interval suggest that

the average effects of the focal are not similar to those of the source foundations.

We observed that differences between the two distributions were only found in compar-

isons across generations (Fig. 2, Table S5). Namely, we found that the association for Adraga

foundation at generation 25 could not be predicted with the average effects of body size from any

source foundation in generation 6. Also, average effects from Groningen at generation 6 could

not predict the association at generation 25 of any foundation. When comparing our data with
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that of Adraga foundation from Fragata et al. (2010) we observe that this foundation could not

explain the patterns observed in Montpellier at either generation 6 or 25 (Table S5).

Discussion

Can wing trait-inversion associations be generalized at a geographical scale?

In this study we found a consistent association between wing shape and standard dose

for all South American populations. On the other hand, no association between wing size and

standard dose was found for Europe in generation 6. Therefore the previously observed wing

shape association for Adraga and Puerto Montt (Fragata et al., 2010) can be generalized to other

populations of the same continent, but not the wing size association pattern in Adraga.

Specifically for wing shape, we found a negative association between this trait and chro-

mosomal inversions for all three South American foundations analysed. Also, as previously

obtained for one European foundation (Adraga – Fragata et al., 2010), no association was found

in Europe. Furthermore, as suggested from the comparisons between Adraga and Puerto Montt

in the two independent studies, we found differences between Europe and South America for

this association. We can therefore reinforce the argument of Fragata et al. (2010) pointing to a

bottleneck effect that produced similar patterns of wing trait-inversions in all colonizing popu-

lations, while at the same time originating differences between continents in the association of

wing shape and inversions. In fact, variation in shape was explained by the effect of inversions

in the O chromosome, a pattern consistent for all South American populations. Fragata et al.

(2010) also found an effect of O inversions in wing shape (Adraga and Puerto Montt).

Other studies in D. subobscura have also associated the genetic content of inversions in the

O chromosome with different traits such as thermal preference (Dolgova et al., 2010), knock-

down temperature and hsp70 expression levels (Calabria et al., 2012). It is therefore tempting to

conclude that inversion polymorphisms, particularly on the O chromosome, have a high impact

in shaping morphological and physiological features of this species. Interestingly, the O chro-

mosome is homologous to the 3R chromosome arm in D. melanogaster , where the inversion

In(3R)Payne – which has been associated to genetic variation in body size (Rako et al., 2006)
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– is located. Moreover, associations between the second chromosome inversions (homologous

to 3R in D. melanogaster ) and wing traits in D. buzzatii (Fernández Iriarte et al., 2003) and D.

mediopunctata (Hatadani & Klaczko, 2008) have also been found.

As for the wing size vs. standard dose association, patterns were similar in each continent,

as no association was found for both European and South American populations. These findings

contrast with the positive association for wing size found in Fragata et al. (2010) for the Euro-

pean population. Changes in natural populations, differences in laboratory environments and/or

some degree of laboratory evolution may be responsible for these differences.

Can changes in inversion frequencies explain variation in the genetic associations across space

and time?

We found that adaptation to the laboratory environment led to clear temporal differences

in the association between wing size and standard dose, particularly for Groningen populations.

This could be explained by general changes in standard inversion frequencies across generations,

variation in the non-standard composition of the populations, or differences in the genetic con-

tent inside inversions specifically affecting size. In general, we found that the genetic association

between body size and inversions could be somewhat predicted across foundations from differ-

ent locations based on differences in frequencies of standard inversion of the same generation.

However, the ability to predict patterns involving foundations from different generations was

less evident, both for Groningen and Adraga. This was the case even when trying to predict

the temporal changes from data of the same foundation. This suggests that, in general, changes

in standard inversion frequencies cannot account for the temporal differences in the association

of the European foundations. Additionally, variation in the non-standard composition of our

populations is not likely to explain temporal changes in the association, since the differences in

non-standard frequencies are higher across geographical locations (FST for non-standard inver-

sions – generation 6: 0.148; generation 25: 0.200) than across generations (FST: 0.118). Thus,

the most likely explanation for the temporal changes in the inversion-size association relates to

differences in the genetic content of inversions, particularly for standard chromosomes, between

generations in the laboratory. These results suggest that a parallel evolutionary change of genetic
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content of inversions occurred in our foundations, remaining similar across generations. This

contradicts our expectation that different genetic content of inversions may play a role in the

disparities observed between the quick evolutionary convergence for body size (Fragata et al.,

2014b) and the lack of such convergence in frequencies of inversions (Fragata et al., 2014a).

It should be emphasized, though, that such explanation may still be valid for other traits (e.g.

fecundity and starvation resistance - Fragata et al., 2014b).

Interestingly, the O chromosome was again involved in changes in the wing trait-inversion

association, in this case associated with the temporal changes in the size-inversion association,

particularly in Groningen. Further research on the genetic content of O inversions can reveal

possible genes associated with these temporal changes. To the best of our knowledge no study

has yet compared the evolution of the wing size-inversions association after introduction in a new

environment. The most similar study was done by Santos et al. (2005), who found no differences

across years in the association between wing length and inversions in D. subobscura . However,

the lack of temporal changes in this case may be due to the fact that the experimental populations

were kept two years in the laboratory before the start of the study.

Contrary to what we found for the temporal association, the wing size-inversion associa-

tion did not differ between geographical locations. In this case, the non-significant differences

between real and simulated correlations, using source populations from the same generation,

suggest that geographical differences in the genetic content of inversions affecting body size if

they exist are relatively minor. In fact, some different predicted associations between inversions

and body size are obtained from data of different foundations within generations (Fig. 2). These

patterns might be due to a slight effect of differences in genetic content or non-standard compo-

sition between foundations, not strong enough to cause disparities between real and simulated

slopes.

Accordingly, the In(3R)Payne inversion showed a similar effect on body size across distinct

D. melanogaster populations from the Australian cline (Rako et al., 2006). In general, these

patterns are also in agreement with some molecular studies in these species suggesting low within

inversion differentiation in some populations across latitudinal clines (Kennington et al., 2006;

Simões et al., 2012; Pegueroles et al., 2013).
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It is important to mention that one possible limitation in our ability to predict the wing-size

association relates to the fact that we are assuming that inversions contribute only additively to

the body size. While this scenario is a good proxy, particularly for morphological traits (Falconer,

1953; Roff & Mousseau, 1987; Ruiz et al., 1991), non-additive variation may also be involved.

Specifically, if dominance or epistatic effects are relevant, temporal changes in frequencies of

inversions might affect the association of inversions with size without implicating changes in the

genetic content. Nevertheless, if such non-additive effects are important different frequencies of

inversions between foundations would lead to contrasting estimates of average effects of allelic

substitutions in the same generation. Our data comparing real and simulated associations do not

support such strong effects.

Are wing trait clines driven by associations with inversions?

Interestingly, the negative association between wing shape and standard dose found here

for three independent South American populations contrasts with the positive clinal variation

for both wing shape and standard inversions in that continent (Balanyà et al., 2003; Gilchrist &

Huey, 2004; Rezende et al., 2010). Therefore, one could not predict the sign of the cline from the

association between wing shape and standard dose observed in South America. This rationale

limits extrapolations from associations between wing shape and inversions to clinal variation in

general, contrary to what Fragata et al. (2010) suggested specifically for North America. Further-

more, no meaningful association between wing size and inversions was found in South American

populations. A causal link in the emergence of both clines has been questioned before, given the

temporal decoupling of their evolution in the New World populations (see Santos et al., 2004).

We also found a lack of association between wing size and inversions in the European pop-

ulations at a recent generation after laboratory introduction. Given these findings one can argue

that in general the clinal pattern observed for wing size across continents cannot be explained by

associations between this trait and inversions within populations. While this statement clearly

applies to the present patterns in Europe, the evolution of wing trait-inversion associations that

we observe here suggests that such decoupling might not have been present at the time of forma-

tion of the European clines.
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Concluding remarks

Overall our results show that wing trait – inversion associations can be generalized across

populations of the same continent. However, we show that wing size-inversions association may

evolve during adaptation, possibly due to changes in the genetic content of inversions. Here

we also show that one cannot predict clinal patterns from associations between wing traits and

inversions for both Europe and South American populations. We conclude that, at present, as-

sociation between inversions and size are not responsible for the maintenance of the body size

cline in European D. subobscura populations.
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Figure S1 - Association of wing size (A) and shape (B) with standard inversions for each continent.
A)
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Figure S1 – Association of wing size (A) and shape (B) with standard inversions for each continent.
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Table S1 – Linear regressions for the association between wing shape or size and standard inversions in
each chromosome for all foundations studied.
A) European Populations

A) European Foundations
Chr Gen Found CS WS

Ad y = 0.001x + 0.472 n.s. y = -0.0005x + 0.818 n.s.
Mo y = 0.005x + 0.465 n.s. y = -0.0007x + 0.816 n.s.
Gro y = 0.002x + 0.489 n.s. y = 0.0003 + 0.816 n.s.
Ad y = 0.003x + 0.465 n.s. y = -0.001x + 0.815 n.s.
Mo y = 0.003x+ 0.479 n.s. y = -0.0003x + 0.817 n.s.
Gro y = 0.004x + 0.475 * y = 0.0009x + 0.808 n.s.
Ad y = 0.003x + 0.471 n.s. y = 0.002x + 0.817 n.s.
Mo y = 0.003x + 0.466 n.s. y = 0.001x + 0.815 n.s.
Gro y = 0.002x + 0.489 n.s. y = 0.002 + 0.815 n.s.
Ad y = 0.008x + 0.464 *** y = 0.004x + 0.814 *
Mo y = 0.0004x+ 0.479 n.s. y = -0.002x + 0.817 n.s.
Gro y = 0.003x + 0.476 n.s. y = 0.0008x + 0.808 n.s.
Ad y = 0.0005x+ 0.472 n.s. y = -0.001x + 0.818 n.s.
Mo y = -0.001x + 0.467 n.s. y = -0.003x + 0.816 m.s.
Gro y = -0.0005x + 0.491 n.s. y = -0.001 + 0.817 n.s.
Ad y = -0.0007x + 0.465 n.s. y = 0.0001x + 0.815 n.s.
Mo y = 0.002x+ 0.479 n.s. y = 0.003x + 0.817 n.s.
Gro y = 0.00007x + 0.477 n.s. y = -0.002x + 0.809 n.s.
Ad y = 0.003x + 0.472 n.s. y = 0.003x + 0.818 n.s.
Mo y= -0.002x + 0.468 n.s. y = -0.002x + 0.816 n.s.
Gro y = -0.003x + 0.492 n.s. y = -0.004 + 0.819 **
Ad y = 0.004x + 0.465 n.s. y = -0.001x + 0.815 n.s.
Mo y = 0.004x+ 0.478 ** y = 0.0001x + 0.817 n.s.
Gro y = 0.003x + 0.475 n.s. y = -0.0005x + 0.809 n.s.
Ad - -
Mo y = -0.002 + 0.467 n.s. y = 0.005x + 0.815 n.s.
Gro y = 0.002x + 0.490 n.s. y = -0.002 + 0.817 n.s.
Ad - -
Mo - -
Gro y = 0.0005x + 0.477 n.s. y = 0.002x + 0.808 n.s.

25

Note: significance levels after FDR: 0.044>P>0.022 m.s (for 0.1>!>0.05).; 0.022>P>0.0044 * (for 
0.05>!>0.01); 0.0044>P>0.00044 **(for 0.01>!>0.001); P<0.00044 *** (for !<0.001). Values 

were adjusted considering comparisons for 5 chromosomes

Table S1 -  Linear regressions for the association between wing shape or size and standard 
inversions in each chromosome for all foundations studied. A) European foundations; B) South 
American foundations

6

25

6

25

6

A

E

J

6

25

O

U

6

25

Note: significance levels after FDR: 0.044>P>0.022 m.s (for 0.1> α >0.05).; 0.022>P>0.0044 * (for 0.05> α >0.01);
0.0044>P>0.00044 **(for 0.01> α >0.001); P<0.00044 *** (for α <0.001). Values were adjusted considering comparisons
for 5 chromosomes.
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B) South American Populations
B) South American Foundations

Chr Found CS WS
Ch y = 0.0009x + 0.485 n.s. y = -0.002x + 0.820 n.s.
Sa y = -0.001x + 0.473 n.s. y = -0.0001x + 0.817 n.s.
PM y = -0.004x + 0.482 * y = 0.0003x + 0.822 n.s.
Ch y = 0.003x + 0.483 * y = -0.002x + 0.820 n.s.
Sa y = 0.006x + 0.469 *** y = -0.0009x + 0.817 n.s.
PM y = 0.002x + 0.480 n.s. y = -0.004x + 0.825 **
Ch y = -0.002x + 0.486 n.s. y = -0.003x + 0.820 m.s.
Sa y = -0.0001x + 0.473 n.s. y = 0.0003x + 0.817 n.s.
PM y = -0.0008 + 0.481 n.s. y = -0.004x + 0.823 **
Ch y = 0.003x + 0.484 n.s. y = -0.003x + 0.820 *
Sa y = -0.001x + 0.474 n.s. y = -0.005x + 0.819 ***
PM y = -0.0005x + 0.481 n.s. y = -0.004x + 0.824 ***
Ch y = -0.0007x + 0.486 n.s. y = -0.001x + 0.820 n.s.
Sa y = -0.002x + 0.474 n.s. y = -0.002x + 0.817 n.s.
PM y = -0.003x + 0.482 * y = -0.001x + 0.823 n.s.

Table S1 -  Linear regressions for the association between wing shape or size and 
standard inversions in each chromosome for all foundations studied. A) European 

foundations; B) South American foundations

J

O

U

Note: significance levels after FDR: 0.044>P>0.022 m.s (for 
0.1>!>0.05).; 0.022>P>0.0044 * (for 0.05>!>0.01); 0.0044>P>0.00044 

**(for 0.01>!>0.001); P<0.00044 *** (for !<0.001). Values were 
adjusted considering comparisons for 5 chromosomes

A

E

Note: significance levels after FDR: 0.044>P>0.022 m.s (for 0.1> α >0.05).; 0.022>P>0.0044 * (for 0.05> α >0.01);
0.0044>P>0.00044 **(for 0.01> α >0.001); P<0.00044 *** (for α <0.001). Values were adjusted considering comparisons
for 5 chromosomes.
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Table S2 – Analysis of differences across foundations within each continent in the association between
wing traits and standard inversions of each chromosome using ANCOVA.

Continent Chromosome Parameter Wing Size F(df1,df2) Wing Shape F(df1,df2)

Chr F(1,862)=6.654 n.s. F(1,862)=0.340 n.s.
Found*Chr F(2,862)=0.640 n.s. F(2,862)=0.190 n.s.

Chr F(1,862)=76.144**; † F(1,862)=27.586*; m.s.
Found*Chr F(2,862)=0.059 n.s. F(2,862)=0.198 n.s.

Chr F(1,862)=2.775 n.s. F(1,862)=13.360 m.s.; n.s.
Found*Chr F(2,862)=0.072 n.s. F(2,862)=0.414 n.s.

Chr F(1,862)=0.015 n.s. F(1,862)=0.434 n.s.
Found*Chr F(2,862)=0.448 n.s. F(2,862)=0.918 n.s.

Chr F(1,571)=0.059 n.s. F(1,862)=0.108 n.s.
Found*Chr F(2,571)=0.461 n.s. F(2,862)=6.000 *

Chr F(1,928)=1.064 n.s. F(1,928)=0.589 n.s.
Found*Chr F(2,928)=2.165 n.s. F(2,928)=0.767 n.s.

Chr F(1,928)=11.016 m.s. F(1,928)=8.144 n.s.
Found*Chr F(2,928)=1.970 n.s. F(2,928)=1.324 n.s.

Chr F(1,928)=4.005 n.s. F(1,928)=2.849 n.s.
Found*Chr F(2,928)=0.203 n.s. F(2,928)=2.773 m.s.

Chr F(1,928)=0.028 n.s. F(1,928)=70.896 *
Found*Chr F(2,928)=1.950 n.s. F(2,928)=0.539 n.s.

Chr F(1,928)=7.623 n.s. F(1,928)=40.619 *; m.s
Found*Chr F(2,928)=0.654 n.s. F(2,928)=0.139 n.s.

Note: significance levels: P> 0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01*; 
0.01>P>0.001**; P<0.001 ***. Significance levels were also corrected for multiple 

comparisons using the False Discovery Rate adjustment (see Methods), and are 
presented whenever changes in significance relative to uncorrected values occur: 

Significance levels after FDR: 0.044>P>0.022 m.s (for 0.1>!>0.05).; 0.022>P>0.0044 
* (for 0.05>!>0.01); 0.0044>P>0.00044 **(for 0.01>!>0.001); P<0.00044 *** (for 
!<0.001). For non-significant F values (P>0.044 n.s.) no indication of significance is 
given (except when the test becomes non significant after FDR adjustment). Values 

were adjusted considering comparisons for 5 chromosomes

!"#$%&'(&)&*+"$,-.-&/0&1.00%2%+3%-&"32/--&0/4+1"5./+-&6.57.+&%"37&3/+5.+%+5&.+&57%&
"--/3."5./+&#%56%%+&6.+8&52".5-&"+1&-5"+1"21&.+9%2-./+-&/0&%"37&372/:/-/:%&&4-.+8&

*;<=>*?

Europe

A

E

J

O

U

South 
America

A

E

J

O

U

Note: significance levels: P> 0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01*; 0.01>P>0.001**; P<0.001 ***. Significance levels
were also corrected for multiple comparisons using the False Discovery Rate adjustment (see Methods), and are presented
whenever changes in significance relative to uncorrected values occur: significance levels after FDR: 0.044>P>0.022 m.s (for
0.1> α >0.05).; 0.022>P>0.0044 * (for 0.05> α >0.01); 0.0044>P>0.00044 **(for 0.01> α >0.001); P<0.00044 *** (for
α <0.001). For non-significant F values (P>0.044 n.s.) no indication of significance is given (except when the test becomes
non significant after FDR adjustment). Values were adjusted considering comparisons for 5 chromosomes.
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Table S3 – Comparisons of the association of the wing trait and standard dose within (A) and between
(B) continents (ANCOVA model).
A) Comparisons Within Continents

Continent Wing Trait Comparison F

Ad vs Mo F(1,566) = 0.07 n.s.

Ad vs Gro F(1,587) = 0.8 n.s.

Mo vs Gro F(1,571) = 0.32 n.s.

Ad vs Mo F(1,566) = 1.098 n.s.

Ad vs Gro F(1,587) = 1.232 n.s.

Mo vs Gro F(1,571) = 0.001 n.s.

PM vs SA F(1,625) = 2.35 n.s.

PM vs Ch F(1,614) = 5.4 *; m.s.

Sa vs Ch F(1,617) = 0.23 n.s.

PM vs SA F(1,625) = 0.634 n.s.

PM vs Ch F(1,614) = 0.443 n.s.

Sa vs Ch F(1,617) = 0.025 n.s.

Europe

CS

WS

South 
America

CS

WS

Table S3 - Comparisons of the association of the wing 
trait and standard dose within (A) and between (B) 

continents (ANCOVA model)
A) Within Continent

Note: significance levels: P> 0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01*; 
0.01>P>0.001**; P<0.001 ***. Significance levels were also corrected 

for multiple comparisons using the False Discovery Rate adjustment 
(see Methods), and are presented whenever changes in significance 

relative to uncorrected values occur: 0.0408>P>0.0204 m.s. (for 
0.1>!>0.05);0.0204>P>0.004† (for 0.05>!>0.01). For non-significant 
F values (P>0.0408 n.s.) no indication of significance is given (except 
when test becomes non significant after FDR adjustment). Values were 

adjusted considering 6 within continent comparisons

Note: significance levels: P> 0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01*; 0.01>P>0.001**; P<0.001 ***. Significance levels
were also corrected for multiple comparisons using the False Discovery Rate adjustment (see Methods), and are presented
whenever changes in significance relative to uncorrected values occur: 0.0408>P>0.0204 m.s. (for 0.1> α >0.05);
0.0204>P>0.004†(for 0.05> α >0.01). For non-significant F values (P>0.0408 n.s.) no indication of significance is given
(except when test becomes non significant after FDR adjustment). Values were adjusted considering 6 within continent
comparisons.
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B) Comparisons Between Continents

Wing Trait Comparison F

Ad vs PM F(1,602) = 3.6 m.s.; n.s.

Ad vs Sa F(1,605) = 0.52 n.s.

Ad vs Ch F(1,594) = 0.2 n.s.

Mo vs PM F(1,586) = 2.81 m.s. ; n.s.

Mo vs Sa F(1,589) = 0.19 n.s.

Mo vs Ch F(1,578) = 0.01 n.s.

Gro vs PM F(1,607) = 2.69 n.s.

Gro vs Sa F(1,610) = 0.01 n.s.

Gro vs Ch F(1,599) = 0.5 n.s.

Ad vs PM F(1,602) = 6.651 *

Ad vs Sa F(1,605) = 4.047 *; n.s.

Ad vs Ch F(1,594) = 4.674 *; m.s.

Mo vs PM F(1,586) = 3.69 m.s.; n.s.

Mo vs Sa F(1,589) = 1.379 n.s.

Mo vs Ch F(1,578) = 1.844 n.s.

Gro vs PM F(1,607) = 4.839 *;m.s.

Gro vs Sa F(1,610) = 1.842 n.s.

Gro vs Ch F(1,599) = 2.475 n.s.

WS

Note: significance levels: P> 0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01*; 
0.01>P>0.001**; P<0.001 ***. Significance levels were also corrected for 

multiple comparisons using the False Discovery Rate adjustment (see Methods), 
and are presented whenever changes in significance relative to uncorrected values 

occur: 0.0353>P>0.0177 m.s. (for 0.1>!>0.05);0.0177>P>0.0035† (for 
0.05>!>0.01). For non-significant F values (P>0.035 n.s.) no indication of 
significance is given (except when test becomes non significant after FDR 

adjustment). Values were adjusted considering 9 between continent comparisons

Table S3 - Comparisons of the association of the wing trait and 
standard dose within (A) and between (B) continents (ANCOVA 

model)
B) Between Continents

CS

Note: significance levels: P> 0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01*; 0.01>P>0.001**; P<0.001 ***. Significance levels
were also corrected for multiple comparisons using the False Discovery Rate adjustment (see Methods), and are presented
whenever changes in significance relative to uncorrected values occur: 0.0353>P>0.0177 m.s. (for 0.1> α >0.05);
0.0177>P>0.0035 †(for 0.05> α >0.01). For non-significant F values (P>0.035 n.s.) no indication of significance is given
(except when test becomes non significant after FDR adjustment). Values were adjusted considering 9 between continent
comparisons.
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Table S4 – Analysis of differences between years for the association of wing size and shape with standard
dose, using only Adraga (founded in 2008 and 2010) and Puerto Montt (founded in 2002 and 2010).

Foundation Parameter Wing Size F(df1,df2) Wing Shape F(df1,df2)

Year F(1,23.14) = 98.162 *** F(1,5.36) = 1.986 n.s.

Standard Dose F(1,781) = 8.670 *** F(1,781) =0.787 n.s.

Year*Standard Dose F(1,781) = 0.404 n.s. F(1,781) = 0.056 n.s.

Year F(1,9.33) = 20.173 *** F(1,18.15) = 1.801 n.s.

Standard Dose F(1,999) = 4.599 * F(1,999) =47.868 ***

Year*Standard Dose F(1,999) = 0.323 n.s. F(1,999) = 0.147 n.s.

Adraga

Puerto 
Montt

Note: significance levels: p> 0.1 n.s.; 0.1>p>0.05 m.s.; 0.05>p>0.01*; 
0.01>p>0.001**; p<0.001 ***. 

Table S4 - Analysis of differences between years for the association of wing 
size and shape with standard dose, using only Adraga (founded in 2008 and 

2010) and Puerto Montt (founded in 2002 and 2010)

Note: significance levels: P> 0.1 n.s.; 0.1>P>0.05 m.s.; 0.05>P>0.01*; 0.01>P>0.001**; P<0.001 ***.

Table S5 – Comparisons of real and simulated slopes for the European foundations at generation 6 (A)
and 25 (B). Simulated slopes of the focal foundations were obtained by combining the additive effects of
each source foundations and their own inversion frequencies (standard vs. non-standard) - see Material
and Methods for further details. Gray shading indicates simulated values outside of the 95% boundaries
calculated through bootstrap.
A) Generation 6

A) Generation 6

Gen Found Lower CI Higher CI Gen Found Lower CI Higher CI

Ad 0.00116 0.00161
Mo 0.00136 0.00199
Gro 0.00039 0.00071

9 Adraga 2008 0.00413 0.00541
Ad 0.00159 0.00205
Mo 0.00074 0.00141
Gro -0.00013 0.00029

9 Adraga 2008 0.00446 0.00633
Ad 0.00112 0.00156
Mo 0.00025 0.00096
Gro 0.00003 0.00040

9 Adraga 2008 0.00132 0.00388

Table S5 - Comparisons of real and simulated slopes for the European foundations at generation 6 (A) 
and 25 (B). Simulated slopes of the focal foundations were obtained by combining the additive effects of 
each source foundations and their own inversion frequencies (standard vs. non-standard) - see Material 

and Methods for further details. 

6

Ad 0.0016 -0.00096 0.00425

Mo 0.00119 -0.00107 0.00347

Gro 0.00024 -0.00094 0.00140

Bootstrap 
Confidence IntervalsReal 

Slope

Simulated slope
Focal 

Foundation
Source Foundation

6

6

6
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B) Generation 25

B) Generation 25

Gen Found Lower CI Higher CI Gen Found Lower CI Higher CI

Ad 0.00191 0.00239
Mo 0.00096 0.00145
Gro -0.00034 0.00006
Ad 0.00389 0.00483
Mo 0.00274 0.00330
Gro 0.00257 0.00309

9 Adraga 2008 0.00647 0.00798
Ad 0.00186 0.00235
Mo 0.00066 0.00122
Gro -0.00045 -0.00004
Ad 0.00366 0.00464
Mo 0.00250 0.00313
Gro 0.00243 0.00301

9 Adraga 2008 0.00593 0.00763
Ad 0.00127 0.00167
Mo 0.00087 0.00152
Gro 0.00038 0.00075
Ad 0.00302 0.00396
Mo 0.00142 0.00213
Gro 0.00248 0.00309

9 Adraga 2008 0.00170 0.00374

Table S5 - Comparisons of real and simulated slopes for the European foundations at generation 6 (A) and 25 (B). Simulated slopes of the focal 
foundations were obtained by combining the additive effects of each source foundations and their own inversion frequencies (standard vs. non-
standard) - see Material and Methods for further details. 

Gro 0.00293 0.00139 0.00445

6

25

6

25
Mo25

Ad 0.00465 0.00248 0.00686

6

25

0.00238 0.00096 0.00379

Real 
Slope

Bootstrap Confidence Source Foundation Simulated slopeFocal Foundation
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7 Discussion

“I don ‘t pretend we have all the answers. But the questions are certainly worth thinking about.”

– Arthur C. Clarke
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Discussion

In this chapter I will discuss how the main findings of my work contribute to understand

the mechanisms underlying adaptive evolution. Namely, I will try to answer the questions raised

in the introduction related to the existence of differentiation between populations of Drosophila

subobscura from several locations, in phenotypic traits, plasticity, inversion frequencies and ge-

netic associations. I will also tackle how that differentiation affects and is affected by the adap-

tation to a new environment and how genetic associations can be shaped by chance events and

adaptation to a new environment. Finally, I will discuss the relative role of History, Chance

and Selection at different biological levels. I will end this chapter with a summary of the main

findings and point out further avenues of research that can be done to complement or further the

analysis done in this thesis.

7.1 Are populations from different geographical locations historically differentiated for

several traits?

This work shows that populations of Drosophila subobscura from different locations across

the European clinal gradient present initial differentiation in inversion frequencies (Chapter 4),

several phenotypic traits (Chapter 2), and in thermal plasticity of adult traits (Chapter 3 – see

below), even when introduced in a new, common environment. However, no differentiation was

found in thermal plasticity for juvenile traits (Chapter 3), or in genetic associations between

standard/non-standard inversions and wing size and shape (either in Europe or South America –

Chapter 6).

At the inversion frequencies level, initial differentiation in Europe goes in accordance with

expectations from clinal variation observed in other studies (Krimbas, 1992; Menozzi & Krim-

bas, 1992; Balanyà et al., 2003, 2006). Specifically, Groningen populations present high fre-

quency of standard inversions, while Adraga populations present lower frequency of these chro-

mosomal arrangements, including the non-existence of UST. Initial differentiation in body size
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for these populations also follows the expectation of clinal variation (Prevosti, 1955; Misra &

Reeve, 1964; Pfriem, 1983), with Groningen presenting the biggest sizes and Adraga the small-

est, with Montpellier having intermediate values. Curiously, despite the fact that both wing size

and standard inversions show a clinal pattern in Europe, no association was found between wing

traits and inversions in the initial generations, in any of the populations studied. This is in contra-

diction with previous studies in some Drosophila subobscura European populations (Orengo &

Prevosti, 2002; Fragata et al., 2010) as well as what has been found in other Drosophila species

(Weeks et al., 2002; Rako et al., 2006; Ruiz et al., 1991; Fernández Iriarte et al., 2003; Yadav

& Singh, 2007; Hatadani & Klaczko, 2008, see Hoffmann et al., 2004 for a brief review). These

discrepancies may be caused by: 1) methodological problems (e.g. Orengo & Prevosti, 2002 did

not remove maternal effects); 2) temporal changes either in natural populations or due to labora-

torial evolution; 3) differences between experimental environments; 4) weak correlation between

wing traits and standard inversions, either in general or specific to the populations studied here,

implying different detection as a function of statistical power. As for South America, a negative

association between inversions and wing shape was found in all populations analyzed. This is

somewhat expected since historical differences between populations in South America should be

reduced due to low variability of the colonizing populations (Pascual et al., 2007 and see below).

Differentiation in European populations for adult life-history traits (age of first reproduc-

tion, early and peak fecundity) and physiological traits (starvation resistance) did not follow

clinal expectations, since Montpellier foundation presented the worst performance in all traits.

In fact differentiation between populations founded from different locations was mostly due to

contrasting performances between Groningen (best performance) and Montpellier. It is known

that body size affects several life-history traits (Roff, 2002, 1992), therefore it could be expected

that both fecundity and starvation resistance would show clinal variation in Drosophila subob-

scura. However, these expectations were not observed, possibly due to a differential effect of

body size on starvation resistance and fecundity, contingent on the genetic background (history)

of populations. We were able to ascertain that body size was indeed positively correlated with

fecundity and starvation resistance within populations, which could explain Groningens better

performance. However, when controlling for body size effect, differences between populations
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were maintained (Fragata et al., 2014b; Chapter 2). One hypothesis is that different ability to

extract and metabolize resources (resource acquisition) may be involved in the overall better

performance of Groningen in the new, laboratorial environment (Service & Rose, 1985).

For juvenile traits, differentiation was only found between Groningen and Adraga, with

the first presenting longer development time (Chapter 3). Previous studies did not show a clear

clinal expectation for this trait (James et al., 1995, 1997; Folguera et al., 2008; Griffiths et al.,

2005). It is known that a trade-off may occur between development time and both body size

and fecundity (Sgrò & Hoffmann, 2004; Stearns, 1992). Such a trade-off may explain the higher

development time in Groningen. In this sense the observed differentiation between populations

was in the direction expected from clinal variation in other traits.

In previous work, Simões et al. (2008) showed that evolutionary contingencies were present

during adaptation to a new environment, either in fecundity traits and starvation resistance. How-

ever, it is known that genetic sample chance effects are expected to occur during colonization of

new environments, due to bottlenecks (Santos et al., 2012; Willi et al., 2006). These effects

can also manifest in subsequent evolution due to genetic drift (chance). Santos et al. (2012,

2013) showed that during colonization of a new environment sampling effects might occur in

the first generations, with consequences for ensuing evolutionary dynamics. These effects were

suggested as the main cause in the evolutionary contingencies observed in phenotypic traits by

Simões et al. (2008). We found initial historical differences (at generation 6) between pop-

ulations from different latitudes and have excluded founder events as a major factor in these

differences. Two different facts support this exclusion. During the first three generations of our

populations we established an experimental design based on female families, with equalization

of family contribution until the foundation of the mass bred populations (in the third generation).

This design contrasts with those used by Simões et al. (2008) and Santos et al. (2012, 2013),

which did not control for the contribution of each wild caught female in the first generations in

the laboratory environment. Moreover, we found that differentiation between Adraga, Groningen

and Montpellier could be up to 8 times higher than that presented by the foundations analyzed by

Simões et al. (2008) and Santos et al. (2012, 2013). Therefore, although chance (genetic sample)

effects are probably present in our study, its impact relative to historical differences is relatively
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small when compared to what has been shown in other studies.

7.2 Can adaptation to previous environmental conditions constrain plastic thermal re-

sponse?

This study shows that, in an early generation after introduction to a novel environment,

populations produced a plastic response to different thermal environments by changing perfor-

mance in several adult and juvenile phenotypic traits. This indicates that the ability of popu-

lations to cope with different temperatures is not constrained by previous adaptation to other

environments. However, the initial plastic response of populations was not in accordance with

the expectations of local adaptation in nature (Chapter 3).

These expectations were that Groningen would present initial better performance in colder

environments and worse performance in hot environments, with Adraga having the converse

pattern. Although there was a significant differential plasticity between populations in several

adult traits it was not in the expected direction. In fact, Groningen presented an overall better

performance in adult traits across temperatures. Several hypotheses can be put forward to explain

this result. One hypothesis is that, although temperature is thought to be one of the main factors

affecting the species distribution (Santos et al., 2004, 2006; Franks & Hoffmann, 2012), other

factors such as precipitation, photoperiod and wind speed also play a role on clinal variation

(Alberto et al., 2013). Therefore, patterns of local adaptation may not be dependent exclusively

on temperature variation. Another hypothesis is that populations from high latitudes will be

exposed to more variable environments (Chown et al., 2004), which can lead to a higher ability

to cope with a more ample breadth of thermal environments. Two other hypotheses were already

referred above: better resource acquisition in Groningen than in the other populations and/or

gene x environment interactions may lead to discrepancies between what we would expect in

natural environments and what we see in laboratorial settings. This is even truer when we are

analyzing environment dependent traits such as thermal plasticity.

Thermal response in juvenile traits also did not follow expectations of local adaptation,

with no differentiation between populations, although Groningen always presented longer devel-

opment time across temperatures (Chapter 3). In accordance, previous studies in several species
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did not show clear differentiation between populations in thermal reaction norms of development

time (Van’t Land et al., 1999; Trotta et al., 2006; Liefting et al., 2009; Berger et al., 2013). This

may indicate that populations present low genetic variation for development plasticity.

Further studies, using a higher breadth of temperatures or done closer to natural environ-

ment (e.g. using semi-natural cages) may help to disentangle what led to these unexpected results

and further understand the role of historical differentiation in plastic response.

7.3 How can chance (colonizing) effects affect genetic associations?

In this study, we observed that single populations from Europe and South America pre-

sented contrasting associations between inversions (standard and non-standard) and wing shape

as well as size (Chapter 5). Specifically, we found significant positive association with wing size

for Adraga, with no significant association for Puerto Montt. Conversely, significant negative as-

sociation with wing shape was apparent in Puerto Montt, without a significant (though positive)

association for Adraga.

Disparities between the wing traits – inversions associations, are probably due to a chance

(bottleneck) event during colonization. In fact, it is known that a small number of founders

(between 4 and 12) were in the origin of the South America populations (Pascual et al., 2007).

Bottleneck effects can change species ability to survive and reproduce, lowering genetic variabil-

ity and leading to loss of low frequency alleles (Frankham et al., 2002; Bouzat, 2010). In fact,

these chance events can also alter genetic correlations, by changing the additive genetic covari-

ance matrix (Whitlock et al., 2002) or by converting non-additive genetic variance to additive

genetic variance (Regan et al., 2003). Moreover, chance events (bottlenecks and genetic drift)

can interact with selection, again possibly affecting the G matrices and leading to disparities

between populations (Bouzat, 2010; Whitlock et al., 2002; Phillips et al., 2001).

In Drosophila subobscura positive parallel latitudinal clines in standard inversions and

body size were found between Europe (founders) and South and North America (colonized)

populations. However for shape, positive associations were only found for Europe and South

America, with North America presenting a negative association between shape and latitude (Bal-

anyà et al., 2006; Huey et al., 2000; Gilchrist & Huey, 2004). As told above, we found that
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in Puerto Montt, the estimated Chilean epicentre of the original New World invasion (Brncic &

Budnik, 1980), the association between wing shape and standard inversions was negative (Fra-

gata et al., 2010; Chapter 5). Curiously, the signal of this association is the same as the clinal

variation in shape observed in North America (Huey et al., 2000). Thus, we hypothesized that

this negative association, derived from a bottleneck effect upon colonization of the New World

could be responsible for the disparities of clinal sign between North America and Europe. Nev-

ertheless this brings another problem: how is the positive cline of South America explained?

That is, at least for South America, the association with inversions does not explain the observed

clinal variation in wing shape. It may be the case that during the expansion of Drosophila subob-

scura in South America further changes of associations between inversions and shape might have

affected the clinal patterns. Further analyses of these associations including several South Amer-

ican populations will help to clarify this issue (see below). Studies including North American

populations would also be desirable, but were not possible to include in this study.

7.4 Are genetic associations stable across space and time?

In Chapter 5 we found that Adraga and Puerto Montt showed contrasting associations

between inversions and wing traits. However, when we analyzed several populations of Europe

and South America (Chapter 6), no association was found with body size in any of the studied

populations. Nevertheless, the contrast between continents in the association between standard

inversions and wing shape was confirmed. The finding of a negative significant association

in several South American populations supports a decoupling between the clinal patterns for

wing shape and inversions in that continent. It is important to state that, despite no significant

associations for wing size in either continent, the signal of those associations was consistent with

that observed in Chapter 5. Moreover, parallel temporal changes in this association were found

during adaptation to a novel environment, with changes from null to positive sign in all European

populations. It is possible that the evolution in the new environment leads to consistent changes

in the genetic content of some inversions, related to body size, though other explanations cannot

be ruled out.

In general, high historical differentiation was expected for Europe since, for example,
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southern peninsulas acted as refuge during the last glacial era (Hewitt, 2000), and could lead

to deep differences in the genetic background of different refuges. In fact we saw initial his-

torical differentiation for body size and inversions in European populations (Chapters 2 and 4),

which might suggest that the association between wing traits and standard inversions could also

show effects of history. On the other hand, for South America similar associations between

populations were expected, since the colonizing event was fairly recent (Prevosti et al., 1985;

Pascual et al., 2007) and a homogeneous genetic background is expected following a bottleneck

event (Bouzat, 2010). Our data is in accordance with these expectations for South America, since

similar associations between inversions and wing size and shape were found for the three popu-

lations analyzed. In contrast with the expectations, European populations showed no significant

differences for the association of standard inversions with wing size or shape. Moreover, we

also observed that we could somewhat predict genetic associations between standard inversions

and wing size across European populations within the same generation, by taking into account

inversion frequencies variation and estimated additive effects of a different population. This sug-

gests that the genetic content of inversions is fairly similar across populations, at least in regions

affecting body size. Rako et al. (2006) also found that the genetic content inside In(3R)Payne

affecting size was constant between populations of the same cline. In apparent contradiction, in

Chapter 4 (Fragata et al., 2014a) we suggested that one explanation for the disparities between

the quick phenotypic convergence observed for several traits (Fragata et al., 2014b; Chapter 2)

and the lack of convergence at the inversion frequency level (Fragata et al., 2014a; Chapter 4)

might be differences in the genetic content between a given inversion across populations. Nev-

ertheless, it is important to refer that a similar genetic content related to body size, does not

prevent that genes that affect other traits still show genetic variation between foundations, lead-

ing to the decoupling between evolutionary dynamics of phenotypic traits (Fragata et al., 2014b)

and inversion frequencies (Fragata et al., 2014a).

Interaction between history, chance and selection may impact on the adaptive process and

lead to changes in genetic associations between traits. One of the outcomes of this interaction

would be changes in the G matrices, shaping correlations during adaptation to a new environment

(Whitlock et al., 2002; Bouzat, 2010; Phillips et al., 2001). Parallel changes in the association
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between male wing size and standard inversions were found between generations 6 and 25 in the

European populations, leading to overall significant positive association by generation 25. We

hypothesized that these changes were due to parallel changes in genetic content of inversions

affecting body size. Again this observation is not expected considering the decoupling between

evolutionary dynamics of body size and inversion frequencies. In fact, both standard inversion

frequencies and male body size decrease throughout time, with convergence for the latter trait.

Nevertheless, distinct evolutionary patterns between inversions and body size can be explained

by a weak correlation between wing size and standard inversions, patent in the lack of association

in the initial generations.

Previous studies showed a decoupling between the appearance of the clinal variation in

inversions during colonization of the New World populations and the emergence, some years

later, of the wing size cline (Huey et al., 2000; Balanyà et al., 2006; Santos et al., 2004). In our

study, the associations found between wing traits and inversions suggest more generally that, at

least at present, inversions do not play an important role in the maintenance of wing trait clines.

Nevertheless, given the observed evolution of wing size – inversion associations in our study,

we cannot ascertain that such decoupling was present at the time of formation of the clines,

particularly for Europe.

7.5 How does plasticity evolve under a common selective pressure?

In this study we show that thermal plasticity for both adult traits and development time is

maintained during adaptation to a new environment (Chapter 3). Differences between popula-

tions in this plasticity, present in some adult traits, disappeared throughout generations, leading

to convergence both between experimental populations and to the control.

General theory predicts that plastic response will be lost in a constant environment if there

is a cost in maintaining or producing plastic phenotypes (Auld et al., 2010; Murren et al., 2015;

Dewitt, 1998). In this case selection should drive the loss of plasticity or alternatively, if costs

are small, accumulation of mutations could lead to progressive loss of this ability (Auld et al.,

2010; Murren et al., 2015). Therefore, under the laboratorial constant environment, we would

expect that populations would lose the ability to respond to different thermal environments, if
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costs were involved. Specifically in our case, we could expect that a peak of performance at

18oC would evolve as a consequence of adaptation to that constant temperature. However, if

plasticity costs were important we would expect that populations would decrease in performance

at 13oC and/or 23oC. This did not happen either for juvenile or adult traits, even after 19 or 28

generations in laboratory environment, respectively. However, since populations are adapting

to the new environment, positive correlations between temperatures may occur leading to an

increase in performance at all temperatures. However, since the controls (which were for more

than 115 generations in the laboratory when the experimental populations were founded) also

maintained the ability to respond to different temperatures, it is unlikely that the lack of costs

observed is due to the adaptation process. All these observations suggest that the maintenance

and production of thermal plasticity, at least for the traits and temperatures analyzed here, do not

present a high cost in our laboratory.

All populations showed overall positive correlated responses across temperatures, improv-

ing through time even in those for which they were not directly adapting. This in turn led to

convergence in thermal plasticity for adult traits in the studied populations being attained mostly

through vertical shifts in the thermal reaction norms (increase in performance at all temperatures)

rather than horizontal shifts – changes in the breadth of performance (Angilletta, 2009).

7.6 Can historical differentiation prevent adaptation to a common environment?

Evolution in the new, common laboratorial environment led to an overall increase in fecun-

dity, decrease in age of first reproduction and the development of a positive correlation between

wing size and standard inversions. The evolutionary patterns were not similar between popu-

lations for body size and starvation resistance, with Groningen decreasing starvation resistance

while Adraga and Montpellier populations showed an overall increase in body size. Differences

in these patterns are mostly due to contrasting starting points, with Groningen showing higher

body size and starvation resistance than the other populations. In general, adaptation to the new

environment was not hampered by historical differentiation, and convergence was observed for

most phenotypic traits, although not for inversion frequencies.

Our results for fecundity related traits are in accordance with previous studies that have
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shown that laboratorial adaptation leads to an increase in fecundity and decrease in age of first

reproduction (Matos et al., 2002; Simões et al., 2007, 2008; Santos et al., 2010). This is expected

since natural selection in the new environment will lead to an increase in traits closely related to

fitness (Futuyma, 2005). On the other hand, traits more loosely related to fitness, such as star-

vation resistance, are expected to show an evolutionary pattern more contingent on small initial

differences between populations (Simões et al., 2008). In Chapter 2 (Fragata et al., 2014b) we

saw that starvation resistance and body size converged to similar values between populations,

despite a higher role of chance and history in the initial generations. However, previous studies

showed that history and chance might hamper convergence in traits less related to fitness (Trav-

isano et al., 1995; Flores-Moya et al., 2008). Differences between the present study and previous

ones can be due to the latter being done in asexual populations, due to relative lack of standing

genetic and negative epistasis (see Fragata et al., 2014b; Chapter 2).

Interestingly, only juvenile phenotypic traits did not show evolutionary changes during lab-

oratory adaptation. Results similar to ours were also observed by Simões et al. (2007), where no

changes occurred in development time for populations derived from Adraga and Arrábida (Por-

tugal). This could be explained either by lack of genetic variation to respond to selection (Prasad

& Joshi, 2003; Rose et al., 2004; Simões et al., 2007) or constraints due to trade-offs between

development time and fecundity, viability or developmental stability (Santos et al., 2006; Simões

et al., 2007). However, since development time shows thermal plastic response in the laboratory

environment, the first hypothesis is not very likely.

We observed that lack of convergence in inversion frequencies did not prevent adaptation at

the phenotypic level. It is interesting to refer that, although no overall convergence was observed,

common patterns were found in inversion frequencies. Namely, several inversions presented a

concordant pattern of increase in all populations (A2, J1, E1+2+9+12, OST) or decrease (AST, JST,

EST) in the three sets of populations across four chromosomes. The U chromosome was the

only one where no clear pattern was found, showing disparate evolutionary dynamics between

populations. Overall a different balance between several inversion frequencies was attained in

the studied populations. The question remains whether this stems from geographical differences

in the genetic content of each inversion, disparate starting frequencies or presence of different
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inversions in each population (with general effects on genetic background). The first hypothesis

would be in agreement with Dobzhansky‘s co-adaptation hypothesis (Dobzhansky, 1949, 1950),

stating that the maintenance of inversion polymorphisms is due to heterosis between different

inversions of the same population, each preserving specific combinations of favourable alleles

(co-adapted gene complexes). One expectation of this hypothesis is also that the genetic content

of an inversion varies between populations (Álvarez Castro & Carlborg, 2008). Previous studies

have found evidence in favor (different genetic content of the same inversion even inside the

same population – Santos, 2009) and against (similar genetic content between inversions across

populations – Simões et al., 2012; Pegueroles et al., 2013) this hypothesis. It is also possible

that, for some inversions, epistatic interactions have arisen in agreement with the Co-adaptation

scenario, while in others this did not occur. This last scenario would be explained by Kirkpatrick

& Barton (2006) local adaptation hypothesis – that does not imply epistatic effects between genes

inside inversions, or different genetic content of inversions across populations. Further studies

analyzing genetic content of specific inversions are needed to help understand which or if both

mechanisms are involved in maintenance of inversion polymorphisms.

7.7 Are the relative roles of History, Chance and Selection similar at different biological

levels?

Analyses of phenotypic traits, phenotype-karyotype associations and chromosomal inver-

sion frequencies revealed different effects of History, Chance and Selection at each level. At

both phenotypic and inversion frequencies level, general high historical initial differentiation

was found (Chapter 2, 3 and 4), with a small contribution of chance effects. However, chance

events seemed to play a bigger role in phenotypic traits more loosely related to fitness (Chapter

2) or in the establishment of associations between wing traits and inversions (Chapter 5 and 6).

In the latter case, this is expected since a large bottleneck was involved during the colonization

of the South American continent (Pascual et al., 2007).

The relative role of History and Selection differed between phenotypic and karyotypic

evolutionary dynamics. For the association between chromosomal inversions and wing size no

historical differentiation was found and evolution in the laboratory environment led to a similar
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evolutionary outcome for all populations. Thus parallel evolution between populations occurred

(Chapter 6). On the other hand, convergence in adult phenotypic traits showed that strong selec-

tion overruled historical differences at that level (Chapter 2 and 3). Several other studies have

shown that selection erased historical differences in phenotypic traits, although this was depen-

dent on the relation of the trait with fitness in ancestral and new environments (Travisano et al.,

1995; Spor et al., 2014; Joshi et al., 2003; Teotónio & Rose, 2000).

However, in the inversion frequencies evolutionary dynamics, Selection worked within the

strong constraints imposed by initial History and, despite some common patterns in specific in-

versions, populations remained differentiated (Fragata et al., 2014a; Chapter 4). The conjunction

of several phenotypic data had already suggested that populations were using different paths to

attain the same phenotypic adaptation (Fig. 2 from Chapter 2/Fragata et al., 2014b). Indeed,

phenotypic convergence is more easily attainable, than in other biological levels, since more

than one evolutionary path can be taken to produce similar phenotypic outcomes (Dettman et al.,

2012).

7.8 Final Considerations

Here I will summarize briefly the main findings of this thesis:

- High historical differentiation was found at the phenotypic and karyotypic levels.

Initial historical differences were found at all studied traits, except association between standard

inversions and wing traits and juvenile traits. However, the relative importance of history was

dependent upon the traits studied. Moreover, phenotypic differences between populations did

not follow clinal expectations.

- Adaptation to previous environments does not constrain thermal plastic response.

All populations were able to respond to distinct thermal environments, although performance

differences did not reflect predictions from local adaptation to distinct thermal environments.

Northern populations showed an overall better performance probably due to better resource ac-

quisition.

175



CHAPTER 7

- Chance events may shape genetic associations between wing traits and inversions.

Differences in the wing shape – inversions association between populations of Europe and South

America were due to a bottleneck that inverted this association in South America.

- Wing size and shape clines are not maintained due to an association with standard

inversions. The lack of association between wing size and standard inversions and the negative

sign of wing shape association in South America populations point to a decoupling between cli-

nal variation in inversions and wing traits at present.

- History does not affect association between inversion and wing traits, but evolution

in a new environment does. No differences were found in the association between inversions

and wing traits across populations either within South America or Europe. Nevertheless, evolu-

tion in the laboratory led to changes in the wing size-inversions association across generations.

- Adaptation to a constant environment does not hamper the ability to respond to

thermal distinct environments. Even after 28 and 19 generations for adult phenotypic traits

and development time, respectively, the populations maintained the ability to respond to dif-

ferent temperatures. Local adaptation to 18oC was expected to lead to loss of this response,

especially if maintenance or production of the plastic phenotype involved costs. Convergence

between populations and to the control populations, suggests that this lack of costs was not due

to low number of generations studied.

- Historical differentiation does not prevent adaptation to a new environment. All

populations were able to converge phenotypically to the same adaptive peak, despite using dif-

ferent routes. This indicates that although possible variation in genetic background may lead to

differences in evolutionary dynamics, adaptation is not hampered by it.

- History and Selection interact differently according to the trait and biological level

studied. The role of Selection was pervasive at the phenotypic level, quickly erasing the foot-
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print of History during evolution in the laboratorial environment. The effects of History, on the

other hand, were more present at the karyotypic level, with Selection acting within the constraints

imposed by initial differentiation. Parallel evolution between foundations was found, with evo-

lution in the laboratory leading to changes in the association between wing size and standard

inversions. Historical differentiation was also observed on phenotypic adult traits and plasticity

of adult traits, but not on the plastic response of juvenile traits. Moreover Chance effects were

more preponderant for starvation resistance and in the association between wing traits and inver-

sions, than for other adult and juvenile traits.

7.9 Future Research

History, Chance and Selection can shape the adaptation of populations to different environ-

ments, impacting on the evolutionary potential of species and their ability to respond to sudden

environmental changes (Travisano et al., 1995; Lenormand et al., 2009; Losos, 2011). Experi-

mental evolution provides one of the best methods to understand which mechanisms are involved

and are affected by these three forces during adaptation (Kawecki et al., 2012). Therefore, this

study is an initial step in tackling these issues.

Nowadays, Evolutionary Biology has received a boost from technological advances and is

now ready to tackle the herculean task of integrating evolutionary knowledge within and across

levels of biological organization (Losos et al., 2013). One of the most challenging and recent

advances is whole genome next generation sequencing. The logical step stemming from the con-

clusions of this study is to compare whole genome data for differentiated populations across and

within generations to localize candidate regions and genes responsible for adaptation. This will

also allow to distinguish which loci are responsible for the different paths used by our populations

to adapt to the same environment.

One of the most studied examples of evolutionary responses to climate change in nature

is the shift in inversion polymorphism frequencies for several Drosophila species (Hoffmann &

Willi, 2008). With the recent advances in next generation sequencing we are now able to shed

light on the mechanisms underlying these responses, by doing an in-depth characterization of
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inversion content at the genomic level. Moreover we can also test the impact of inversions in ge-

nomic evolution (e.g. studies have shown a chromosome-wide effect of inversions – McGaugh &

Noor, 2012; Corbett-Detig & Hartl, 2012). Characterization of the genomic content of inversion

polymorphisms, with a known evolutionary dynamic will shed light on the evolutionary mecha-

nisms involved in the maintenance of inversion polymorphisms (Dobzhansky, 1970; Kirkpatrick

& Barton, 2006). It will also allow understanding the impact of these structural variants and

their genetic content both in adaptation to a new environment and in the genomic evolutionary

dynamics.

This study shows that in order to fully understand how adaptation occurs and which mech-

anisms, processes and forces underlie it, we need to use a combination of several traits and

biological levels. Further studies combining phenotypic, karyotypic, whole genome and gene

expression analysis will also allow to tackle more integratively how populations cope with envi-

ronmental changes. Namely, to understand the impact of short-term seasonal variation in natu-

ral populations and which factors (abiotic vs. biotic), mechanisms (behaviour, genetic, plastic-

ity) and forces (History, Selection and Chance) are more relevant to this response. Drosophila

subobscura populations are particularly suited to address these questions since inversion poly-

morphisms of this species respond to climate change (Balanyà et al., 2006), seasonal variation

(Rodrı́guez-Trelles & Rodrı́guez, 1998) and heat waves (Rodrı́guez-Trelles et al., 2013). Al-

though ambient temperature seems to play a key role in the spatiotemporal fluctuations of in-

version frequencies, we still ignore what are the target genes and physiological mechanisms

underlying these responses. Taking advantage of the accumulated knowledge of Drosophila sub-

obscura, recent advances in next generation sequencing and computational resources we can

understand the mechanisms underlying the responses to environmental changes.

Throughout this study we showed that homogenizing selection forces led to the disappear-

ance of initial differences between populations, but only at the phenotypic level. We also showed

that adaptation to a uniform environment did not hamper thermal plastic response. However, it

is still unknown how populations will respond to more stressful or more variable temperatures.

One interesting study to perform would be to subject populations to different levels of stress and

population size (e.g. different levels of inbreeding) to test if differences in the background would
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appear once again, when subjected to less benign environments. In case of smaller populations,

Chance effects could interact strongly with History, leading to higher differentiation between

populations.

This study highlights the danger of extracting patterns of evolution and adaptation from

a single biological level. Conservation studies should employ a panoply of studies at several

levels, including genomic analyses to better understand the consequences of exposing species to

uniform environments.
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Flores-Moya, A., Costas, E. & López-Rodas, V. 2008. Roles of adaptation, chance and history in the evolution of

the dinoflagellate Prorocentrum triestinum. Naturwissenschaften 95: 697–703.

Folguera, G., Ceballos, S., Spezzi, L., Fanara, J.J. & Hasson, E. 2008. Clinal variation in developmental time and

viability, and the response to thermal treatments in two species of Drosophila. Biol. J. Linn. Soc. 95: 233–245.
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