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Abstract 
 

Understanding how the interaction of genotypes and environment may result in distinct 

phenotypes from similar sets of genes is a central theme in evolutionary biology. Social 

insects have been important study organisms for this question, with sociality evolving in 

parallel in unrelated taxa. The defining feature of advanced sociality, the separate 

reproductive queen and non-reproductive worker castes of social insects, is central to 

social evolution. Queens and workers share, most of the time, a similar genome, suggesting 

that the basis of this dimorphism must result from differences in expression of the same 

genes. Furthermore, workers forgo their own reproduction to help raise the offspring of 

the queen, thus queen and worker genes are expected to experience natural selection in 

unique ways. Yet, the regulatory architecture that governs queen and worker phenotypes 

remains largely unknown in social insects. 

 

This thesis demonstrates the plasticity of caste-biased expression patterns in ants at 

several levels. It shows that few genes retain their caste-biased expression patterns across 

closely related species, lineages, or development stages. For the first time, this thesis 

shows that biological functions, through conserved sets of genes, are strongly associated 

with caste phenotypic differences across the ant phylogeny. These sets of genes also 

appear to be co-opted for other types of key social phenotypes and likely serve as building 

blocks of phenotypic innovation. My thesis furthermore focuses on the interactions 

between caste-biased expression patterns and rates of molecular evolution to comprehend 

the origins and results of caste-biases. The work presented in this thesis shows that 

evolutionary constraints strongly affect evolutionary rates of protein-coding genes, gene 

expression evolutionary stability, and the ability of a gene to become caste-biased. These 

constraints are significant features that have been greatly under-appreciated in previous 

studies.  

 

The work in this thesis takes advantage of the power of genomic methodologies and 

technologies to provide new insights into mechanisms of social evolution, and the 

evolution of plastic gene expression in a more general framework. It builds on existing 

knowledge to provide the field of social insect research with novel concepts (e.g. co-

expressed network) to understand the molecular mechanisms behind the origin and the 

maintenance of the two female castes. 
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Introduction 
 

“The measure of intelligence is the ability to change” 

 Albert Einstein

 

 

Phenotypic plasticity 

Phenotypic plasticity is the ability of a given genotype to alter its phenotype in response to 

distinct environmental conditions (Pigliucci 2001). Phenotypic plasticity was first 

considered to be “developmental noise” (Bradshaw 1965), but is nowadays widely 

recognized as an important factor for adaptation to variable environments (Pigliucci 2001; 

West-Eberhard 2003). Polyphenism is a particular adaptation of phenotypic plasticity 

where organisms may develop two or more distinct alternative phenotypes from the same 

set of genes, e.g. different castes in insects (Wilson 1971), beetle horns (Moczek and Emlen 

2000; Emlen 2008; Eberhard 2013), butterfly wing patterns (Nijhout 2003), and the 

development of spiny helmets in water fleas (Agrawal 2001). Polyphenism is found 

commonly across the phylogenetic tree but is the most frequent and most pronounced in 

insects (Simpson et al. 2011).  

 

Phenotypic plasticity is a common occurrence among organisms since virtually any 

biological process can be affected by its environment (West-Eberhard 2003). 

Environmental signals can induce phenotypic variations through internal, external, biotic, 

and abiotic factors. Examples include diet quality (Thomson 1992; Greene 2010), predator 

threats (Weisser et al. 1999; Walsh et al. 2014), temperature (Bull 1980), and population 

densities (Denver 1997), just to name a few.  

 

Phenotypic plasticity is a major feature of phenotypic diversification and evolutionary 

innovation (Moczek et al. 2011), with many ecological and evolutionary benefits 

(Schlichting 1986; West-Eberhard 1989). Phenotypic changes may be gradual or discrete, 

and may also vary through time (Moczek 2010). As a result of phenotypic plasticity, 

organisms are not only able to alter their metabolism, morphology, physiology, and 

behaviour but also their life-history traits to maintain a high level of fitness through growth,  

survival, or reproduction (Bull 1980; Stearns 1989; Schlichting and Pigliucci 1998; Agrawal 

2001; Garland and Kelly 2006). Hence, phenotypic plasticity is a powerful tool for 

adaptation, and may allow species to widen their geographic range (Price et al. 2003; 
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Schlichting 2004), prevent extinction (Kelly et al. 2012), and even permit major 

evolutionary transitions (Aubret et al. 2007). 

 

 

Social insects and eusociality 

Social insects form societies where specialized workers forgo their own reproductive 

output to help raise the offspring of the resident queen(s). The term "social insects" 

comprises, among others, all ants (Hymenoptera, Formicidae), termites (Isoptera), social 

bees (Hymenoptera), and wasps (Hymenoptera). These taxa have in common three major 

criteria for eusociality: cooperative brood care, overlap of two or more generations, and 

division of labour with the segregation of reproductive and non-reproductive castes 

(Wilson 1971; Crespi and Yanega 1995; Wilson and Hölldobler 2005). The evolution of 

social insect cooperation and organization is one of the major transitions in evolution 

(Szathmáry and Smith 1995), and has arisen independently multiple times (possibly 8-11 

times) in the order Hymenoptera (Bourke 2011). Eusociality has mostly been described in 

insects (Hölldobler and Wilson 1990; Ross and Matthews 1991; Stern and Foster 1996) 

but can also be found in crustaceans (Duffy 1996) and two species of mammals (Burda et 

al. 2000).  

 

Social insects live in large well-organized family groups, and are engaged in a wide range of 

social tasks such as communication (e.g. honey bee dances, chemical communication), 

defence, cooperative brood care, and social immunity (Wilson 1971; Cremer et al. 2007). 

They are ecologically dominant and have colonized almost every environment owing to 

their specialized, cooperative castes and their reproductive division of labour (Hölldobler 

and Wilson 1990).  For instance, ants are among the most abundant insects on the planet, 

and represent around 20% of the terrestrial animal biomass (Schultz 2000).  

 

 

Haplodiploidy, relatedness and Hamilton’s rule 

Understanding the evolution of social behaviour and worker altruism involves 

understanding their sex determination system and the principle of kin selection theory 

(Hamilton 1964). Social insects exhibit a haplodiploid sex determination system, where the 

females (worker and queen) develop from fertilized eggs and are diploid, while the males 

develop from unfertilized eggs and are haploid. Queens reproduce, whereas workers 
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(mainly) forgo their own reproduction and instead care for their sisters. The workers gain 

from this caste system; kin selection theory (based on Hamilton’s rule) proposes that 

cooperative behaviour relies on individuals gaining indirect fitness benefits through assisting 

reproduction of relatives with whom they share genes (Hamilton 1964). Consequently, in 

order to promote the transmission of their genes to the next generation, workers help 

their mother to raise their sisters (Hamilton 1964). For natural selection to favour worker 

indirect fitness, kin selection theory predicts that the worker and the queen must be 

related, with the fitness benefit b of the recipient, weighted by the relatedness r between 

recipient and donor, compensating the fitness loss c of the donor: b * r > c. Thus, 

relatedness between queen and worker is of high importance; the more closely related 

queens and workers are, the higher the indirect fitness gain by the workers through raising 

their sisters.  

 

Social hymenopteran species exhibit a range of social structures, from a single queen 

heading a single colony, in which all workers remain highly related (e.g. Formica exsecta), to 

a polydomous colony headed by multiple queens (e.g. the Argentine ant, Linepithema 

humile) where the relatedness is intrinsically lower. In this aspect, relatedness affects the 

evolution of social behaviour, because the effect of kin selection depends on the degree of 

relatedness between the queens and the workers.  

 

 

The female castes in social hymenoptera: 
Phenotypes and polyphenism 

One of the most extreme and advanced forms of polyphenism is the evolution of the 

female castes in social insects. From the same genotype, several specialized phenotypes can 

arise: reproductive queens, sterile workers, and specialized workers such as soldiers 

(Wheeler 1986; Hölldobler and Wilson 1990; Wheeler 1991). Hymenopteran species go 

through complete metamorphosis before reaching adulthood, with four independent 

developmental stages (egg, larva, pupa and adult). During the pupal stage, it is already 

possible to distinguish worker from queen pupae (Gilbert and Raworth 1996; Truman and 

Riddiford 1999; Truman and Riddiford 2002; Heming 2003). After emerging from their 

cocoons, the queens are usually larger than the workers, and, in most species, have wings. 

They typically depart on a nuptial flight and seek a suitable place to start a new colony. In 

contrast, emerging workers will right away start to undertake various colony-related tasks. 
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Adult workers’ morphological, behavioural, and physiological features are adapted for their 

altruistic tasks within their society (Page and Peng 2001). At the molecular level, female 

caste differences arise during the larval stages (Noirot 1991; Miura 2001; Miura 2004) and 

are based on differential gene expression in response to various extrinsic features, 

particularly nutrition but also social interactions and environmental factors (Evans and 

Wheeler 1999; Pereboom et al. 2005; Sumner et al. 2006; Barchuk et al. 2007). 

 

 

Theories for the development of female castes 

The development of female castes in social insects from essentially the same set of genes is 

a key question in evolutionary biology. The regulatory mechanisms behind such social 

complexity have received considerable attention. Two main hypotheses have recently 

emerged to elucidate the development of social insect caste polyphenism: the 

Reproductive Ground Plan Hypothesis and the Genetic Toolkit Hypothesis. Additionally, 

novel genes have been suggested to be an important source of phenotypic innovation for 

social evolution. The following reviews the concepts behind these hypotheses and 

highlights the support they have received. 

 

Reproductive Ground Plan Hypothesis (RGPH) 

The RGPH was first advanced by West-Eberhard, who explained that social behaviour and 

division of labour evolved from mechanisms that regulate female reproductive physiology 

and behaviour in solitary ancestors (West-Eberhard 1989). Since some females of solitary 

insect species can alternate between reproductive and foraging phases, the idea behind the 

RGPH is that social insect queens and workers have differentially conserved specific parts 

of the original reproductive cycle of solitary insects. Workers display behavioural traits 

found in the solitary insect foraging phase, while queens express traits found during the 

reproductive phase. Several modified versions of the RGPH have been proposed, including 

the bivoltine RGPH (Hunt and Amdam 2005), the modified RGPH (West-Eberhard and 

Turillazzi 1996), and the forager RGPH (Amdam, Norberg, et al. 2004; Amdam et al. 2006; 

Page et al. 2006; Hunt et al. 2007; Nelson et al. 2007; Oldroyd and Beekman 2008) (Table 

1). 
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Table 1: Summary of the RGPH hypotheses (Modified from Oldroyd and Beekman 
2008). 
 

 
 

Experimental support for these versions of RGPH comes from multiple studies, mostly 

conducted on bees and wasps, where workers have nearly completely lost the ability to 

reproduce. A focal point of these studies (Amdam et al. 2006; Rueppell et al. 2008; 

Graham et al. 2011) is ovary size, since it is a major player in the production of 

reproductive hormones. In worker bees, a link has been established between ovary size 

and foraging specialization (Amdam et al. 2006; Rueppell et al. 2008). Under the RGPH, 

behavioural traits should be regulated by mechanisms associated with reproductive 

development and activity (Dolezal et al. 2012), and the foremost hormone playing a role in 

the RGPH would be vitellogenin. Vitellogenin (Vg) is a storage protein involved in egg yolk 

formation and queen reproduction, although it has also been described regarding its crucial 

role in social life-history traits (Amdam et al. 2003; Amdam, Simões, et al. 2004; Guidugli, 

Piulachs, et al. 2005). As predicted by the RGPH, the suppression of Vg expression, at the 

adult stage leads to workers initiating their foraging phase early and to a shorter lifespan 

(Nelson et al. 2007). Furthermore, besides being the main protein involved in reproduction 

and egg yolk formation, Vg also initiates the coordination of workers’ nurse-forager 

transition together with juvenile hormones (Guidugli et al. 2005). 

 

Genetic Toolkit Hypothesis (GTH) 

The idea of a shared “genetic toolkit” across hymenopteran lineages is based on 

conceptual frameworks of evolutionary developmental biology, which have shown that 

convergent use of conserved sets of genes are involved in animal development and 

morphological innovation (Toth and Robinson 2007; Toth et al. 2010; Fischman et al. 2011; 

Woodard et al. 2011; Wilkins 2014). Toolkit genes, by definition, have highly conserved 

sequences and functions across taxa; they are involved in core physiological processes (e.g. 

Variation Authors Description
Original RGPH West-Eberhard 1989 Social insect queens and workers have conserved specific parts of the solitary insects 

original reproductive cycle. Workers display behavioral traits found in the solitary
 insect foraging phase, while queens express traits found during the reproductive phase

Bivoltine RGPH Hunt and Amdam 2005 Rather than losing the solitary phases, social insect females have evolved 
from co-option of common regulatory networks

Modified RGPH West-Eberhard 1996 Worker foraging and nursing phases also co-opted during caste evolution
Within worker caste, alternate expression of reproductive and foraging phase as in

solitary insects
Forager RGPH Amdam, Norberg, et al. 2004 Within forager caste, alternate expression of foraging and reproductive behaviour

Amdam et al. 2006
Hunt et al. 2007

Nelson et al. 2007
Page et al. 2006
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metabolism (insulin/insulin-like pathways) and reproduction (Vg, juvenile hormone)) and 

have been repeatedly used in the evolution of complex social behaviour across phylogeny 

(Toth and Robinson 2007; Toth et al. 2010). 

 

In social insects, predictions for GTH are based on known regulatory pathways found in 

earlier studies to underlie caste differentiation in honey bees. The idea is that core sets of 

genes that regulate division of labour in honey bees, would similarly regulate division of 

labour in other independently evolved social insect lineages. Supporting this theory, 

comparative transcriptomics from brain tissues revealed conserved expression patterns of 

genes linked to behaviour across two independently evolved social insect lineages (Toth et 

al. 2010). Since female caste differences likely arise from differential gene expression in 

response to differential diet (Oster and Wilson 1978; Wheeler and Buck 1996), nutrition 

pathways are also expected to underlie caste determination in independently evolved 

social insect taxa. The same is true for transcription factors and signalling proteins that 

regulate animal development (Carroll 2005; Toth and Robinson 2007). However, when 

looking at more distantly related species, the number of commonly differentially expressed 

genes is likely to decline. Recently, Berens et al. (2014) investigated the GTH across three 

hymenopteran lineages. They found very few commonly differentially expressed genes, but 

more overlap at the level of biological functions. Their results lead to the idea of a “loose” 

toolkit at the level of pathways rather than specific genes.  

 

Novel genes 

As an alternative hypothesis for the evolution of eusocial castes, recent studies have 

highlighted the potential roles of novel genes in caste evolution (Ferreira et al. 2013; 

Feldmeyer et al. 2014; Jasper et al. 2014; Sumner 2014). While novel genes are unlikely to 

underlie conserved caste differences (Berens et al. 2014), they may nevertheless play 

important roles in species-specific regulation of social behaviour (Mikheyev and Linksvayer 

2015) and evolutionary novelties in social organisms (Jasper et al. 2014). In the future it will 

be interesting to explore and determine whether taxonomically restricted genes associated 

with evolutionary novelty conserve their expression patterns among closely related 

species. 
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Expression and evolution of caste-biased genes 

Social insect female castes share the majority of their genomes, suggesting that expression 

differences account for most of their separate phenotypic evolution. Below I review some 

of the emerging patterns regarding expression and evolution of caste-biased genes that 

appear common to a wide range of social organisms. 

 

Expression of caste-biased genes 

Recent advances in the -omics fields and the current availability of large-scale gene 

expression data have deepened our knowledge of the molecular regulation of social 

organization, and enhanced our ability to investigate the evolution of social complexity 

(Libbrecht et al. 2013). A growing number of studies have investigated caste-biased gene 

expression in social organisms, usually focusing on a single or few distantly related species. 

In social insects, high-throughput caste differential expression analyses have been 

conducted on the honey bee Apis mellifera (Grozinger et al. 2007), the bumble bee Bombus 

terrestris (Colgan et al. 2011; Harrison et al. 2015), the Polistes wasps (Sumner et al. 2006; 

Ferreira et al. 2013), and a number of ant species such as Solenopsis invicta (Hunt et al. 

2011; Hunt et al. 2013), Temnothorax longispinosus (Feldmeyer et al. 2014), and 

Cardiocondyla obscurior (Schrader et al. 2015). The number of caste-biased genes described 

differs greatly among species and lineages. For instance, 20 % in T. longispinosus (Feldmeyer 

et al. 2014), 7.5 % in S. invicta (Hunt et al. 2011) and 40 % in A. mellifera (Grozinger et al. 

2007) of the total set of genes are found differentially expressed between queens and 

workers. Noteworthy, sequencing methods, sampling design, and other methodological 

alternatives vary extensively among studies, and thus differences in proportions of caste-

biased genes do not necessarily reflect genuine biological patterns. 

 

An emerging picture is that caste differential gene expression is mostly species-specific, and 

caste-biases are not always shared across distantly related species (Berens et al. 2014; 

Feldmeyer et al. 2014). These results suggest that even if caste differentiation itself 

presumably is based on conserved processes, caste differences in gene expression are 

labile, both in terms of the set of differentially expressed genes and also in the direction of 

expression. Only 15 genes were found differentially expressed in the same way across 

three hymenopteran lineages (Berens et al. 2014). However, this study showed more 

overlap at the level of pathways as well as biological functions between paper wasps and 

honey bees. Therefore, expression patterns across species are unstable at the single gene 
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level, but more coherent when seen at the level of functional similarities based on gene 

ontology (GO) terms. 

 

Only very few studies have compared female caste gene expression across developmental 

stages. In S. invicta, gene expression patterns across castes and developmental stages 

appear volatile (Ometto et al. 2011), with 22 % caste differentially expressed genes at the 

pupal stage and 18 % at the adult stage. At the contrary, a greater proportion of genes 

were differentially expressed among castes at the adult stage compared to earlier 

developmental stages, both in the wasp Vespula squamosa (Hoffman and Goodisman 2007) 

and the bumble bee Bombus terrestris (Harrison et al. 2015). This pattern suggests that a 

relatively low number of differentially expressed genes is sufficient to maintain 

phenotypically divergent castes. Moreover, caste-biased genes were specific to 

developmental stages, with very small overlap across life stages within each caste (Ometto 

et al. 2011). Specificity of caste-bias according to the developmental stage is not surprising, 

as social insects undergo a complete metamorphosis, and are exposed to fluctuating 

external environmental conditions across successive developmental stages. In ants 

(Ometto et al. 2011), bumble bees (Harrison et al. 2015), and wasps (Hoffman and 

Goodisman 2007), differences in gene expression patterns were greater across 

developmental stages than between castes. Altogether, these results suggest that 

mechanisms underlying caste phenotypes rely on the expression of distinct sets of genes 

during specific phases of their development.  

 

Evolution of caste-biased genes 

Evolution of the reproductive division of labour in social insects has interested 

evolutionary biologists since Darwin. Because workers rely on indirect fitness gained 

through helping a queen to reproduce (Linksvayer and Wade 2009; Hall and Goodisman 

2012), worker phenotypes respond to natural selection indirectly through the action of kin 

selection. Thus, eusocial insects are ideal models to study the interaction between gene 

expression and protein sequence evolution. The expression pattern of a gene is predicted 

to be correlated to its evolutionary rate so that one expects weaker or relaxed selection 

in the worker-biased genes because of their indirect effect on the colony’s fitness 

(Linksvayer and Wade 2009; Hall and Goodisman 2012).  
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Caste-biased genes tend to accumulate variation more rapidly and thus evolve faster at the 

sequence level than unbiased genes (Hunt et al. 2011; Snell-Rood et al. 2011; Harpur et al. 

2014). In fire ants, caste-biased genes had higher rates of protein evolution than non caste-

biased genes, although the effect was only significant for queen genes (Hunt et al. 2011). 

Looking at a number of faster evolving proteins, reduced purifying selection was likely to 

be the main factor for rapid evolution, rather than positive selection (Hunt et al. 2011). In 

sharp contrast, honey bee worker-biased genes exhibited slower evolutionary rates than 

queen- or non-biased genes (Hunt et al. 2010). Conflicting with this result, a recent study 

(Harpur et al. 2014) found strong evidence showing that worker-biased genes evolve faster 

than queen-biased genes in honey bees, and have significantly more positive selection on 

their coding sequences. One main difference between the two studies is found in their 

study design, using whole body (Hunt et al. 2010) vs. tissue-specific samples (Harpur et al. 

2014), highlighting the importance of tissue-specific studies. 

 

One major remaining question is whether the rates of molecular evolution are a cause or a 

consequence of caste-biased expression. Variation in the evolutionary rate of protein-

coding genes is linked to differences in the strength of positive selection or purifying 

selection (Hunt et al. 2011). High rates of protein evolution in S. invicta were likely to 

precede caste-biased expression (Hunt et al. 2011). Consequently, rapidly evolving genes 

are more likely to become differentially expressed between castes and to be recruited for 

processes underlying female caste polyphenism (Hunt et al. 2011; Hunt et al. 2013). 
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Aims of the Study 
 

The foremost aim of my thesis is to shed light on evolutionary processes leading to caste-

specific gene expression patterns. I lay particular focus on evaluating the extent to which 

gene expression patterns differ among female castes across closely related species 

(Chapter I), and across developmental stages (Chapter II). Additionally, I demonstrate how 

selection operates at the level of protein-coding genes by analyzing sequence variations 

across seven Formica species (Chapter I), and across seventeen transcriptomes (Chapter 

III). Chapter IV centers on testing predictions regarding evolutionary constraints associated 

with evolutionary stability of caste expression. In the following, I give a brief overview of 

the four Chapters included in this thesis. 

 

• In the first Chapter, I investigated caste-biased expression pattern of Vitellogenin 

genes across seven Formica ant species. The larger outlook of this study was to 

examine the consequences of ancient duplications of Vitellogenin on the levels of 

expression, protein structure and molecular evolution of Vitellogenin copies.  

• The main objective of the second Chapter was to test the prediction of the 

Genetic Toolkit Hypothesis by searching for a core set of genes involved in the 

development of the female castes during three life stages (pupae, emerging adult 

and old adult) of the ant Formica exsecta.  

• In Chapter III, I applied a weighted gene co-expression network to characterize 

transcriptional profiles underlying queen and worker phenotypes including 16 ant 

species. Further, I examined the effects of network properties on molecular 

evolution of phenotype-associated genes to reveal drivers of caste-specific 

evolutionary rates.  

• The results of Chapter III directly lead to Chapter IV, where I investigated in 

detail how evolutionary constraints (e.g. gene connectivity and expression levels) 

affect the tendency of a gene to develop caste-specific expression patterns, and 

consequently further affect the phylogenetic stability of gene expression patterns 

in workers and queens. 
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Material and methods 
	  
"All the best work is done the way that ants do things – by tiny but untiring and regular additions" 

Lafcadio Hearn 

  
 

This thesis contributes to our understanding of caste-specific gene expression patterns in 

ants. Therefore, it is necessary to combine molecular and bioinformatics tools such as, 

gene expression studies, evolutionary rates analyses, co-expression network analyses, and 

analyses of phylogenetic signals. The following section provides broad introductory 

descriptions of these analytical techniques that are used in the four Chapters of this thesis: 

more detailed descriptions of specific materials and methods can be found in the individual 

manuscripts. 

 

 

Study species 

For Chapter I, I collected workers and queens from seven different Formica ant species 

from southern Finland. The Formica genus, commonly known as wood ants, encompasses 

175 described species (Dlussky 1967; Bolton 1995; Goropashnaya et al. 2004). Formica ants 

are abundant in Finland and mostly live in boreal forest habitats, open woodlands, or 

grasslands, but may also inhabit clear-cut logging areas and other habitats under human 

disturbance, bogs, riparian areas, and sandy beaches. Formica species also exhibit varying 

numbers of queens within an individual nest, from a single queen in a monodomous nest 

(e.g. in Formica pratensis, Formica exsecta) to hundreds of queens in polydomous nests (e.g. 

Formica aquilonia); the latter species often constructs big nests reaching over one meter in 

height and enclosing hundreds of thousands of workers.  

 

Chapter II focuses exclusively on the monogyne form of Formica exsecta. F. exsecta is a 

common mound-building Palearctic ant and its nests contain between 1,000 to 10,000 

workers (Helanterä and Sundström 2007). The queen may live up to 20 years while the 

workers will overwinter once and usually have life spans slightly over one year (Pamilo 

1991). Reproductive queens and males emerge from their cocoons in early summer, and 

workers in late July. The life cycle of this species, with its distinct egg laying period for both 

reproductive and non-reproductive individuals, makes it an ideal study species to 

investigate caste-specific gene expression over several developmental stages.  
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Mature adults from 16 ant species from 3 different ant sub-families, were collected directly 

in the field for Chapters III and IV. Samples of the various species under study were 

collected in pairs, with closely related species exhibiting contrasting colony structures 

(monogyne vs. polygyne), which involved extensive fieldwork. In addition to samples from 

Finland, I collected samples in Turkey (Lasius turcicus) and Japan (Monomorium chinense), and 

collaborators sent frozen samples from around the world (Lasius neglectus, France; 

Solenopsis invicta, USA; Linepithema humile, Spain; Myrmica species, Denmark) (Table 2). The 

species list includes arguably some of the worst introduced pest species (e.g. the fire ant 

Solenopsis invicta, the argentine ant Linepithema humile and the pharaoh ant Monomorium 

pharaonis; Lowe et al. 2004). 

 

Table 2: List of species collected for Chapters III and IV, with their social structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Expression analysis 

All Chapters of this thesis examine gene expression, using two different methods: 

quantitative PCR (qPCR) (I) and RNA-sequencing (II, III, IV) and both of which are broadly 

described in the following accounts. 

Species Gyny level Place of collection

Formica aquilonia Polygynous  Hanko area, Finland

Formica cinerea Polygynous  Hanko area, Finland

Formica exsecta Monogynous  Hanko area, Finland

Formica fusca Polygynous  Hanko area, Finland

Formica pratensis Monogynous  Hanko area, Finland

Formica pressilabris Polygynous  Hanko area, Finland

Formica truncorum Polygynous  Hanko area, Finland

Lasius neglectus Polygynous Gif sur Yvette, France

Lasius turcicus Monogynous Afyonkarahisar Province, Turkey

Linepithema humile Polygynous Catalonia, Spain

Monomorium chinense Monogynous Okinawa, Japan

Monomorium pharaonis Polygynous Raised in laboratory, CSE, Denmark

Myrmica rubra Polygynous Bornholm island, Denmark

Myrmica ruginodis Monogynous  Hanko area, Finland

Myrmica sulcinodis Polygynous Læsø island, Denmark

Solenopsis invicta Monogynous Texas, USA

Solenopsis invicta Polygynous Texas, USA
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RNA extractions 

After collection, samples were stored immediately in a -80 ºC freezer to avoid RNA 

degradation. For all projects, RNA was extracted from the whole body of queen and 

worker samples. Two different protocols were used to extract total RNA. Formica samples 

were treated with a standard Trizol protocol (TRIsure, Bioline) and contaminating genomic 

DNA was removed by DNAse I digestion (Fermentas), following the corresponding 

protocols of the manufacturers. For the remaining species (Chapter III and IV), I used the 

RNeasy® Micro and Mini kits (QIAGEN) to extract total RNA. The yield and quality of the 

RNA was verified by assessing the A280/A260 ratio (NanoDrop, Thermo Scientific) 

(Chapter I). For Chapters II, III and IV, concentrations and qualities of the extracted RNA 

were examined by Agilent 2100 bioanalyzer (Agilent Technologies). For qPCR purposes 

(Chapter I), the RNA was converted into single stranded cDNA using the RevertAid First 

Strand cDNA synthesis kit reagents using random hexamer primers (Thermo Scientific). 

Prior to library preparations (Chapter III and IV), a double-stranded cDNA synthesis 

protocol was performed. 

 

Quantitative PCR 

Reverse transcription quantitative PCR (RT-qPCR) is a standard method for quantification 

of gene expression and come with certain advantages, it is highly sensitive, low cost, 

accurate, and even 30 years after its development is still a popular and widely used method 

(VanGuilder et al. 2008). Quantitative PCR represents the approach of choice to analyze 

gene expression level, one gene at a time, for a large number of samples. Quantitative PCR 

was used in Chapter I to look at caste-biased expression of four copies of the gene Vg in 

seven Formica ant species. I chose three reference genes (GAPDH, Rp48 and RpS9) from 

previous studies in which they showed expression stability (Corona et al. 2005; Scharlaken 

et al. 2008; Wang et al. 2008; Nipitwattanaphon et al. 2013). The primers for the target 

genes were designed from F. exsecta transcriptome sequences; I sequenced a subset of 

PCR products obtained from all seven Formica species to ensure that these primers were 

specific to orthologous target genes in the other Formica species. The expression values of 

the target genes were normalized to the average expression of the three housekeeping 

genes (reference genes listed above) using the Pfaffl method (Pfaffl 2001). 
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RNA sequencing 

RNA sequencing technology (RNA-seq) has recently become the preferred method for 

large-scale analyses of gene expression (Wang et al. 2009), principally because it is easily 

comparable among individuals and species. RNA-seq does not require prior genomic 

knowledge, and thus can be used to explore the transcriptomes of non-model organisms. 

In Chapter II, I used the ant F. exsecta to conduct RNA sequencing on both adults (old 

queens and workers, newly emerged queens or gynes and workers) and developing 

individuals (queen and worker pupae) to understand the variation in gene expression 

between castes and across developmental stages. In Chapters III and IV, I extracted RNA, 

prepared cDNA libraries and sequenced queen and worker samples from 16 ant species, 

for a total of 100 genomic libraries. This extensive dataset complements our fine scale 

analyses of gene expression variation (Chapters I and II) and brings considerable depth into 

the gene expression analyses by providing an overview of caste-specific gene expression 

across the ant phylogeny. For this project, I used RNA spike-in controls prior to 

sequencing which is a set of internal controls of known concentration (Jiang et al. 2011), to 

assess external variability in RNA quality. To reconstruct the de novo transcriptomes, I 

used the software Trinity (Grabherr et al. 2013; Haas et al. 2013). Additionally, the RSEM 

(Li and Dewey 2011) and EdgeR (Robinson et al. 2010) software packages were used to 

evaluate gene expression levels and differential expression respectively. 

 

 

Homology assignment 

Comparison and alignment of homologous amino acid residues were used 1) to find 

orthologous genes across species, 2) to understand the evolutionary relationship among 

copies of a gene, and 3) to compare protein structural domains across species to 

understand mechanisms of domains gain/loss. 

 

Structure-based methods for function prediction 

Sequence comparisons can be used to retrieve genes of interest in transcriptomic 

sequences as undertaken in Chapters I and II.  In Chapter I, the Basic Local Alignment 

Search Tool (BLAST) (e-value threshold 10−3, BLASTx) was used to compare the 

nonredundant Swiss-prot database with the final de novo assembly of F. exsecta. Based on 

sequence similarity with previously described ant Vg sequences, four putative Vg contigs 

were found expressed in F. exsecta.  
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In Chapter II, I also handpicked genes known to be strongly associated with caste-specific 

development in other closely related social insect species. Putative toolkit genes were 

chosen based on the following criteria: 1) genes from previous studies exhibiting caste-

biased gene expression across multiple social hymenopteran species or 2) genes belonging 

to conserved molecular pathways or functions involved in caste determination. Specifically, 

protein sequences were recovered from the genomes of the honey bee (Apis mellifera). I 

used BLASTp and tBLASTn to identify the putative ortholog sequences from my gene set 

(using the following criteria: identity ≥ 70 %, e-value cut-off ≤ 1 x 10-10 and query coverage 

≥ 70 %). 

 

Sequence alignment and gene clustering 

Sequence alignment is fundamental to identify similitude between genes that may be a 

consequence of functional, structural or evolutionary processes (Mount 2001). In Chapter 

I, I aligned Vg sequences using the software MAFFT (Katoh et al. 2005) with the E-ins-i 

method. Phylogenetic reconstruction was subsequently used to provide the best 

evolutionary interpretation, and it allowed us to understand the relationship between the 

conventional Vg and the newly discovered Vg-like genes.  

 

Clustering homologous genes across species is crucial in comparative genomics and an 

important step to overview the evolution of caste-biased genes across multiple species as 

explored in Chapter III. I used two software packages OrfPredictor (Min et al. 2005)  and 

FrameDP (Gouzy et al. 2009) to predict protein-coding sequences of the transcriptome 

contigs, before alignment with the software PRANK (Penn et al. 2010) using a neighbor 

joining guide tree generated by the software MAFFT (Katoh et al. 2005). These alignments 

were used to generate hidden Markov models using the software HMMER (v 3.1b1, 

http://hmmer.org). These models were used within the HaMStr (Ebersberger et al. 2009) 

pipeline to ensure that only the contigs with the best fit were assigned to an orthologous 

cluster.  

 

Protein models 

For Chapter I, F. exsecta Vg and the Vg-like protein models were prepared in order to 

compare their structural domains to what is currently known about Vg protein family 

structure. First, F. exsecta Vg sequences were translated into polypeptides, and the longest 
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open reading frame was used for model building by the metaserver Phyre2 (Kelley and 

Sternberg 2009), with the lamprey (Ichthyomyzon unicuspis) lipovitellin as the template 

structure. Phyre2 builds models based on alignments between the template structure and 

homologous proteins, and uses loop libraries in building insertion loop structures. Model 

illustrations were done with PyMOL Molecular Graphics System (Schrödinger LLC, USA). 

Because F. exsecta sequences and the lamprey template have low sequence identity, the 

protein models can only be used to look at the domain architecture, but not for detailed 

analyses of single amino acid sites. 

 

 

Functional analysis of expressed genes 

For non-model organisms, where no prior genomic knowledge is available, annotating 

genes can become an arduous challenge. For Chapters II, III and IV, I used the Blast2GO 

tool (Conesa et al. 2005) to generate automatic high-throughput functional annotations of 

the transcriptomic sequences. Blast2GO uses the BLAST algorithm to identify sequences 

similar to already characterized genomic sequences from other taxa. Blast2GO also 

allowed me to define gene ontology (GO) terms for all the studied genes, in order to 

precisely understand their biological function. GO terms are purposely used to perform an 

enrichment analysis, which identifies those GO terms that are over-represented in a set of 

differentially expressed genes. I used the GOstats package for R (Beissbarth and Speed 

2004) to conduct GO term enrichment analysis on caste-specific genes (Chapter II), genes 

involved in caste-associated modules (III), and genes showing a phylogenetic signals (IV). 

 

For Chapter II, I used the R package GoSemSim (Yu et al. 2010) to compute semantic 

similarity among samples using the set of enriched caste-biased GO terms. Samples were 

then clustered according to their similarity in terms of biological functionality on the GO 

term level, using a heatmap. The same procedure was applied to detect biological 

similarities across co-expressed modules in Chapter III. 

 

 

Rates of molecular evolution 

The availability of gene sequence and expression data permits investigation of how natural 

selection works at its most fundamental level, and as a result the processes of evolution 

can be characterized concurrently for multiple genes. Rates of molecular evolution are 
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computed as nonsynonymous substitutions (dN) and synonymous substitutions (dS) in a 

given sequence, and their ratio dN/dS reflects the role of selection. The dN/dS ratio is an 

indication of the direction, but also the amplitude of natural selection acting on the 

protein-coding genes. In this scenario 

• a dN/dS ratio higher than one implies the occurrence of positive selection 

• a dN/dS ratio equal to one indicates neutrality 

• a dN/dS ratio lower than one suggests purifying selection. 

 In Chapter I, two different methods were used to perform evolutionary rate analysis on 

the different Vg copies, using the software packages HyPhy (Kosakovsky Pond et al. 2005) 

and PAML (Yang 2007), which execute different likelihood-based models of sequence 

evolution. HyPhy studies site-specific selection through various models, such as SLAC 

(Kosakovsky Pond and Frost 2005) (counting-based methods) and FEL (Kosakovsky Pond 

et al. 2006) (estimates dN/dS ratio on a site-by-site basis using maximum likelihood). PAML 

was used to compare a neutral model of evolution with a model allowing positive selection 

for each of the Vg copies individually. I also used the PAML software in Chapter III, to 

estimate evolutionary rates for each cluster of orthologous genes. This single overall 

estimation of evolutionary rates was then correlated with other measurements associated 

with orthologous clusters, such as expression levels and connectivity. 

 

 

Weighted gene co-expression network 

A gene co-expression network is an illustration of genes (represented as nodes) and their 

co-expression relationships (edges) (Carlson et al. 2006). Gene co-expression networks 

are constructed by determining groups of genes with similar expression pattern across 

samples. It is a widely adopted method with applications in, for instance, biomedical 

research for predicting gene functions, pathways or identifying genes involved in particular 

diseases. Weighted gene co-expression network analysis (WGCNA) was conducted on the 

set of genes from 16 different species in Chapter III. I used the R package WGCNA 

(Langfelder and Horvath 2008) to identify functional modules (ortholog groups) involved in 

queen and worker phenotypic differences. The initial input file consisted of a matrix of 

expression data for each gene cluster (row), and for given ant sample (column). The co-

expression measure is calculated following a network topology procedure. Subsequently, a 

soft-thresholding power, representing a significance threshold, is chosen based on the 

criterion of approximate scale-free topology. Modules of highly co-expressed clusters were 
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merged together using a cut-off value of 0.25 and the minimum module size was set to 30. 

The eigengene for each module was calculated, which represents the average signed 

normalized gene-expression value, and was used in MCMCglmm analysis to associate 

modules with phenotypic traits of interest. 

 

 

Phylogenetic signal 

By definition, phylogenetic signal is the tendency of related species to resemble each other 

more than randomly selected species from the same tree (Blomberg et al. 2003). 

Phylogenetic signals across species can be inferred based on morphological, physiological, 

or behavioural data. In Chapter IV, I used the Abouheif-moran test (Abouheif 1999) to 

look at phylogenetic signals in gene expression patterns across 15 ant species.	  Abouheif-

moran procedure is a widely used non-parametric test, which takes into account the 

phylogenetic tree topology to detect phylogenetic signals. At first, I constructed a 

phylogenetic tree of the species set using the R-package phylobase (Revell 2012). 

Divergence times among these species were extracted from Goropashnaya et al. (2004), 

Hedges et al. (2006), Jansen et al. (2010). I thenceforth tested for the presence of a 

phylogenetic signal in the gene expression data of queens and workers separately with the 

function abouheif.moran from the package adephylo (Jombart et al. 2010) in R. A significant 

phylogenetic signal implies that the expression pattern of a gene is evolutionarily stable 

across the studied species. Phylogenetic signal values were used as variables in further 

analyses to test the prediction that genes under more pleiotropic constraints are more 

likely to retain evolutionary stability of their expression patterns. 
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Results and discussion 
	  

 “Specialization is for insects” 

Robert A. Heinlein 

 

Unexpected diversity of egg yolk proteins 

During annotation of the Formica exsecta transcriptome (Chapter II), four putative contigs 

with high similarities to the available insect Vitellogenin (Vg) sequences were discovered. 

Using ortholog search and manual annotation across published insect genomes, I found 

orthologous genes for each of these copies, which are present in all studied ant species, 

the honey bee, and other social insect species (Figure 1). After alignment and phylogenetic 

tree reconstruction, Vg copies group into four estranged Vg clades, and reveal an ancient 

duplication event that gave rise to a conventional Vg clade and the three newly discovered 

copies. I annotated the three Vg homologs in published insect genomes and named them 

Vg-like-A, Vg-like-B and Vg-like-C to reflect their ancient relationships. The discovery of 

these ancient duplications shows that even in the case of well-studied proteins, manual 

searches of orthologs outside automatically annotated genes are needed for the full picture 

of a gene family to emerge.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Maximum likelihood gene tree to infer the patterns of Vg duplication and loss.
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I found only one copy of each Vg-like gene in the studied insect genomes, but the number 

of conventional Vg varies extensively across species (e.g. one in Camponotus floridanus 

(Bonasio et al. 2010) and five in L. humile (Smith et al. 2011)). Nonetheless, not all ant 

species presented multiple copies of the conventional Vg. Annotation of C. floridanus and F. 

exsecta genomes revealed the presence of only a single Vg copy. It is thus possible that 

either these two species have lost their additional copies or the conventional Vg has 

further duplicated in a species-specific manner in the other ant clades. 

 

Moreover, I used protein-modeling tools and discovered that Vg-like-A and B have a 

typical Vg architecture including protein domains also present in the conventional Vg 

protein structure (e.g. N-terminal domain, α-helical domain and the large lipid-binding 

cavity). Conversely, some of the classical Vg protein domains are absent from Vg-like-A 

and B sequences (e.g. the polyserine linker and the multiple cysteine residues found in the 

C-terminus). Vg-like-C displayed only the N-terminal domain (Figure 2). These protein 

structure changes are not entirely unexpected, since it is common that after a duplication 

event new copies acquire or lose protein domains (Koonin et al. 2000; Sjölander et al. 

2011). 

 

 

Figure 2: Protein models of F. exsecta Vg and homologs Vg-like-A, Vg-like-B, and  
Vg-like-C.  
 

However, the N-terminal domain is only known for its role as a receptor-binding part in 

the conventional Vg (Li et al. 2003; Roth et al. 2013), thus it is unlikely that Vg-like-C is 

involved in vitellogenesis. Vg is likely to be more than just an egg yolk protein (Tufail and 

Takeda 2008) and it is probable that Vg-like-A and B are not involved in vitellogenesis 

either. Further studies, such as gene knockouts and biochemistry analysis, will be needed 
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to understand the exact role of these new Vg homologs, and to potentially detect their 

role in caste determination and maintenance. 

 

 

Plasticity of caste-biased gene expression 

	  

Across closely related species 

Vg is primarily known for its function as an egg yolk protein and, hence, exhibits a strong 

queen-biased expression pattern in other social organisms (Piulachs et al. 2003; Weil et al. 

2009; Wurm et al. 2011; Corona et al. 2013). When comparing the conventional Vg 

expression patterns between castes and across seven closely related Formica ant species 

(Chapter I), I discovered that remarkably Vg did not display a consistent queen-biased 

pattern. Indeed, Vg was overexpressed in queens only in three species (GLMM, p < 0.01) 

(Figure 3).  

 

 

Figure 3: Barplot representing the mean expression value of the conventional Vg using 
qPCR, normalized to three reference genes. Data are shown for seven Formica species for 
queens (dark gray bar) and workers (light gray bars). Error bars indicate the standard 
error. * p < 0.05, ** p < 0.01, *** p < 0.001. Aq, F. aquilonia; Ci, F. cinerea; Ex, F. exsecta; Fu, 
F. fusca; Pra, F. pratensis; Pre, F. pressilabris; Tr, F. truncorum. 
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Hence, despite the presumed fundamental queen-biased function of Vg, the caste-biases 

and expression levels are highly variable across closely related species. Possible 

explanations for this inconsistency implicate the Formica workers’ ability to lay unfertilized 

eggs and the presence of functional ovaries in Formica species. Timing of sampling is also 

likely to have affected our ability to detect clear bias in expression if queen overexpression 

of Vg is time-limited. Lastly, Formica ants have only one Vg compared to other ant species 

(Smith et al. 2011). Thus, it is conceivable that in other ant species the presence of multiple 

copies of Vg generates evolution of caste-specific functions and specialized expression 

patterns (Corona et al. 2013). This Vg expression study shows that even functionally 

crucial genes can display plasticity in expression across closely related species and raises 

the question whether caste-biased expression patterns can remain consistent across 

contexts, species and lineages.  

 

Across developmental stages 

To understand how caste differential expression perseveres during development, I studied 

caste-specific gene expression patterns in three life stages (pupae, emerging adults and old 

adults) of F. exsecta  (Chapter II). I observed that caste-biased gene expression is variable 

among life stages, and that gene expression patterns are influenced more by life stages than 

by caste differences. Similar life stage specificity of caste-biases has been observed in fire 

ants (Ometto et al. 2011), and bumble bees (Harrison et al. 2015), but the magnitude of 

the effects seems highly variable. In fire ants, for instance, a considerably larger proportion 

of genes were found differentially expressed than observed in F. exsecta (e.g. emerging 

adult stage F. exsecta 8 %, S. invicta 18 % (Ometto et al. 2011)). As shown in other social 

insect species (Vespula squamosa, Hoffman and Goodisman 2007; Bombus terrestris, 

Harrison et al. 2015), the number of caste-biased genes in F. exsecta increased during 

development (pupae: 103, emerging: 548, old: 2038). Smaller differences in expression 

patterns may be required at the pupal stage to create morphological differences. Instead, at 

the adult stage higher number of caste-biased genes may be necessary for caste-specific 

behaviour and physiological differences (Harrison et al. 2015). Secondly, the increase in 

number of differentially expressed genes through development coincides with the 

increasing task divergence between the female castes. At the adult stage old queens lay 

egg, while workers take care of the colony. Additionally, I found fifteen genes consistently 

caste-biased across developmental stages, but only one (a hypothetical protein) was caste-
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biased in the same direction across all three developmental stages. Thus at the gene level, 

caste-biased gene expression is highly dynamic during development. 

 

 

Conserved gene networks participate in phenotypic 
 maintenance of reproductive division of labour 

Over a decade of prior investigation found little overlap in the transcriptional organization 

of queen and worker phenotypes among species at the level of specific genes (Judice et al. 

2004; Pereboom et al. 2005; Ometto et al. 2011; Woodard et al. 2011; Berens et al. 2014; 

Feldmeyer et al. 2014). In Chapter III, I applied a network approach to study phenotypic 

differentiation between queens and workers, using 16 ant species (Figure 4) from three 

subfamilies, to test the hypothesis that conserved sets of genes regulate ant reproductive 

division of labour. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Phylogenetic relationships of the 16 ant species studied (including two forms of 
S. invicta), with three biological traits: worker sterility (grey square: can lay unfertilized 
eggs; black square: completely sterile), colony queen number (grey square: single queen; 
black square: multiple queens), and invasiveness (grey square: not invasive; black square: 
can be invasive). 
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I sequenced 100 libraries (50 each from queens and workers), representing three biological 

replicates of each caste (two replicates for F. exsecta (from Chapter II)), using whole-body 

samples. I recovered 719 Gb (42 Gb on average per species) of 100-bp paired end reads 

before constructing de novo transcriptomes for each species separately. Every gene was 

then compared to one another based on their protein sequence homology to be clustered 

into orthologous gene groups (OGG). A total of 9,875 OGGs were then analyzed to infer 

co-expressed modules using the WGCNA R package (Langfelder and Horvath 2008). After 

quality filtering, a total of 5,989 OGGs were clustered in one of the 36 co-expressed 

modules (Figure 5). I find that almost all of the OGGs (75%) from the 17 transcriptomes 

can be partitioned into conserved sets of co-expressed genes. 

I next conducted MCMCglmm analysis to associate modules with external phenotypic 

traits displayed by the studied species (such as caste, number of queens, invasiveness, and 

worker sterility), while controlling for any phylogenetic dependency. In total, 32 out of 36 

modules presented gene expression patterns strongly associated with either female caste 

(MCMCglmm, p < 0.01) (Figure 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Relationships between modules and biological traits (caste, worker sterility, 
colony queen number and invasiveness). 
 

Module ID No. of gene groups Caste Worker sterility Queen number Invasiveness
1 305 Queen
2 204 Queen Fertile Not invasive
3 62 Worker Single queen
4 34 Queen
5 82 Queen
6 165 Queen
7 90 Worker Fertile Not invasive
8 176 Worker
9 141 Worker
10 212 Worker
11 441
12 302 Worker
13 123 Queen
14 75
15 38 Queen Fertile Not invasive
16 117 Queen
17 88 Worker
18 109 Queen Single queen
19 48
20 322 Queen Single queen
21 365 Queen
22 92 Queen
23 364 Queen
24 203 Worker
25 383 Worker
26 82 Worker
27 337 Queen
28 48 Queen
29 123 Queen
30 166 Queen
31 285 Queen
32 114 Worker
33 185 Worker
34 48 Queen
35 31 Fertile
36 34 Worker
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In addition, expression of several of these modules was also associated with the other 

studied phenotypes. This result indicates that similar sets of genes are involved in multiple 

roles in the reproductive division of labour across the subfamilies of ants. These modules 

may be the regulatory building blocks involved in parallel evolution of phenotypic diversity. 

 

 

Implications for the Genetic Toolkit Hypothesis 

The Genetic Toolkit Hypothesis suggests that similar sets of genes have been repeatedly 

used for the development and maintenance of female castes across eusocial lineages (Toth 

and Robinson 2007). In Chapter II, I analyzed the Toolkit Hypothesis from a developmental 

perspective. As mentioned above, at the level of individual genes, I found that caste-biased 

expression patterns are unstable across life stages. Yet, patterns appeared more consistent 

when looking at the level of gene biological functions. Thus, common molecular functions 

are associated with each caste during development, rather than specific caste-biased genes. 

This pattern holds true even when comparing three hymenopteran lineages (Berens et al. 

2014). Consequently, conserved biological functions and molecular pathways, rather than 

specific individual genes, may be involved in caste differentiation and maintenance.  

 

In addition, part of the hypothesis relies on the idea that the same pathways regulating 

division of labour in honey bees (Smith et al. 2008) will also control division of labour in 

other social insect lineages. In Chapter II, I compared the incidence of handpicked putative 

caste-biased gene expression patterns in F. exsecta to those observed in other ants and 

bees. Some gene expression patterns were shared between ants and bees, and this finding 

suggests that “true” toolkit genes may exist. However, it is worth noting that not all 

expression patterns were shared even among ant species alone, and this on the other hand 

suggests that caste-biased gene expression is a mixture of toolkit genes and more narrow 

taxon-specific patterns. I found that the proportion of caste-biased genes shared among F. 

exsecta and other ants was higher than among F. exsecta and bees (Fisher’s exact test, p = 

0.03). These results are not unexpected since ants and bees are believed to have diverged 

~170 Mya (Ronquist et al. 2012). Because ants originate from the same eusocial ancestor, 

it is plausible that mechanisms underlying caste-specific phenotypes are more conserved 

with one origin of eusociality.  
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How fast do caste-biased proteins evolve? 

Recent studies have shown that caste-biased genes evolve faster than their non caste-

biased counterparts at the protein level (Hunt et al. 2010; Harpur et al. 2014). But 

whether queen- or worker-biased genes evolve faster than the others is still an ongoing 

debate with previous studies showing opposite direction of selection (Hunt et al. 2010; 

Harpur et al. 2014).  

 

In Chapter I, I showed that the conventional Vg (dN/dS = 0.42) was evolving faster than the 

Vg-like genes (dN/dS = 0.14 – 0.19), resulting in further duplication of the conventional Vg in 

the ant clade. Because Vg-like-C was the only copy showing a consistent caste-biased 

expression pattern across the seven Formica species, one would expect Vg-like-C to 

display the highest dN/dS value, if as suggested in earlier studies (Hunt et al. 2010; Hunt et 

al. 2011), caste-biases are correlated with protein evolution. At the contrary, I found that 

Vg-like-C was evolving slower than the other Vg homologs (dN/dS = 0.14). Moreover, I 

examined the extent of positive selection on the branches following the three major 

duplication events. All three branches displayed signs of positive selection when compared 

with the background branches (LRT value 89.7, df = 1, p < 0.001). This result, in addition 

to the protein modeling results, implies that positive selection is one of the forces behind 

the evolution of the Vg homologs. Because most of the Vg copies did not show a 

consistent caste-biased expression pattern, it is difficult to draw conclusions about the 

rates of molecular evolution of caste-biased proteins from this study. This concern is not 

solely associated with this work, but is a general issue for all studies drawing conclusions 

from single species only.  

 

In order to overcome some of these challenges (Chapter III), I took advantage of the 

properties of the co-expressed gene network to investigate the strength of selection acting 

on the caste-associated genes. When comparing rates of molecular evolution, genes in 

worker-associated modules were evolving faster than genes belonging to queen- and non 

caste-associated modules (GLM, p = 0.02 and GLM, p = 0.014, respectively). However, 

after accounting for the effects of network topology (connectivity) and expression levels, I 

found no more significant differences in evolutionary rates between queen and worker-

associated OGGs (GLM, p = 0.172). Genes associated with either caste evolve at a higher 

rate than non caste-associated genes (GLM, p < 0.01). In conclusion, properties of the co-
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expressed gene network strongly influence selection operating on orthologous protein-

coding genes rather than caste-biased expression patterns per se.  

 

 

Evolutionary constraints of gene expression 

Vg is central to the evolution of caste-specific phenotypes in honey bees and encodes the 

egg yolk precursor proteins found in most oviparous animals (Tufail and Takeda 2008). Vg 

has pleiotropic effects on queen and worker traits, because it is also involved in many 

contexts such as oxidative stress resistance in queens (Havukainen et al. 2013) and the 

coordination of workers’ nurse-forager transition (Guidugli et al. 2005). A recent study 

investigated the molecular evolution of Vg and concluded that social pleiotropy does not 

constrain Vg protein evolution in social insects (Havukainen et al. 2011; Kent et al. 2011). 

In Chapter I, I revealed that after ancient duplication, all four homologous Vg copies 

showcase different expression patterns, protein structures and rates of molecular 

evolution. This finding suggests that Vg may be able to escape pleiotropic constraint via 

duplication and subfunctionalization (Hughes 1994).  

 

In Chapter IV, I tested predictions about the effects of pleiotropic constraints on both the 

tendency of a gene to develop caste-specific gene expression patterns, and gene 

expression phylogenetic signal. A wide range of pleiotropic constraints is known to 

correlate with slow gene evolutionary rates in general (e.g. connectivity, expression levels, 

tissue specificity (Pál et al. 2001; Hahn and Kern 2005; Kim et al. 2007)). These features 

should also correlate with gene expression evolutionary stability (Rifkin et al. 2003; Lemos 

et al. 2005; Whitehead and Crawford 2006). Around 27 % of the studied genes presented 

a phylogenetic signal for worker expression patterns and 25 % for the queen expression 

patterns. Genes involved in metabolism and developmental processes were 

disproportionally phylogenetically constrained for both queen and worker expression 

patterns. Contrary to my expectations, and despite the diversity of tasks performed by the 

workers compared to the queens, worker gene expression patterns showed a tendency to 

maintain expression levels across species more than queen expression patterns (Paired 

student t-test, Worker: 0.15, Queen: 0.14, p < 0.001). Additionally, queen and worker 

phylogenetic signals were positively correlated (Spearman correlation, cor. = 0.5, n = 7427, 

p < 0.001), suggesting that worker and queen may co-opt similar sets of genes. This result 

reinforces the idea of a “caste load” suggested by Holman (2014), which predicts that 
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antagonistic fitness effects are likely to exist since some genes are strongly constrained in 

their expression in both castes. 

 

Furthermore, I found that expression patterns of genes that are highly expressed and 

highly connected are likely to be stabile in their expression across all ant taxa (GLM, p < 

0.001). This finding suggests that genes that are under both evolutionary constraints affect 

expression evolution, rather than each factor alone, as I previously expected. Finally, I 

discovered that expression levels negatively impacted the tendency of a gene to evolve 

caste-specific expression patterns (GLM, p < 0.001), whereas connectivity did not have any 

influence. These results show that highly expressed genes, theoretically more essential to 

organisms (Dekel and Alon 2005), are less likely to be more expressed in one caste 

compare to the other. This study reveals that highly constrained genes are not as easily co-

opted for caste-biased use. 
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Conclusions 
	  
	  
This thesis work encompasses four studies aimed at enlarging our knowledge of the 

molecular mechanisms behind the evolution of female caste differences in ants, in 

particular the evolution of caste-biased genes. From this thesis, an important pattern 

emerges: the versatile evolution of caste-biased gene expression patterns across castes, 

closely related species and developmental stages. These studies made an effort to present 

a clear picture of the causes and consequences of caste-biases in ants. 

 

Next generation sequencing technologies, especially high throughput gene-expression 

studies, have proven to be extremely valuable for the study of evolution of caste 

specialization in social insects and will continuously improve to allow us to expand our 

understanding of phenotypic plasticity. The field of genomics promises exciting new 

opportunities, and I anticipate crucial advances in the very near future. The year I started 

my PhD, the first four ant genomes were published. Today, around ten ant genomes have 

been published and even more transcriptomes are available. Yet, several interesting aspects 

remain to be investigated to understand the evolution of castes in social insects from an 

evolutionary genomics framework. 

 

So far our comprehension of molecular mechanisms behind this peculiar example of 

polyphenism is restricted to a few species only. In the near future, more comparative 

studies (more species, more lineages) are needed in order to highlight the molecular 

pathways involved in caste differentiation across eusocial species, and the potential 

occurrence of a shared mechanism. At the same time, more comprehensive studies (across 

contexts, across tissues, across individuals) are necessary to understand the origin and 

consequences of caste-biased genes. Can we understand why and how sociality evolved? 

  

In a broader framework, social insects are excellent model organisms to understand 

mechanisms behind phenotypic plasticity in general. Underlying evolutionary forces that 

generate social insect castes may help us understand how environment influence genomic 

information to produce suitable phenotypes. All organisms experience environmental cues, 

how they plastically respond to them is of high significance.  
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