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General abstract 

Understanding the phenotypic diversity we observe across the tree of life is a fundamental 

part of research in biology. A particular case of special interest is the occurrence of several 

discrete phenotypes within the same population. These cases allow us to interrogate the 

basis of phenotypic differences without the influence of confounding factors such as 

phylogenetic distance or geographical barriers. The steady reduction in sequencing price of 

the past decades has resulted in more molecular data available for specific organisms where 

phenotypic differences occur within a single population. 

 

This thesis focuses on one such organism, the fire ant Solenopsis invicta, to shed light on 

the molecular basis of within population discrete phenotypic diversity. This species displays 

two types of such differences. It is socially polymorphic, which means that colonies can have 

two types of social organisation. Additionally, S. invicta has three types of morphological 

castes: queens, workers and males. Social polymorphism in this species is determined 

genetically, whereas caste differences are triggered by environmental cues during 

development. S. invicta is thus a good study system to understand different molecular 

mechanisms underlying discrete phenotypes. In this thesis, I use a combination of molecular 

data and modelling approaches to investigate the molecular underpinning of both types of 

phenotypic differences in S. invicta. 

 

I show that the genetic architecture maintaining different types of social organisation is likely 

to have arisen by a combination of evolutionary conflict and a strong influence of gene flow 

fluctuations between phenotypes. I also show that caste differences depend on the 

expression of thousands of genes, most of which are tissue specific. These results are put in 

the context of the wider theoretical framework, and provide further understanding on the 

evolution of phenotypic diversity.  
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Bridging the gap between evolutionary theory and 

molecular data 

The current theoretical framework explaining adaptation is largely based on modern 

evolutionary synthesis from the mid-twentieth century. In this framework, the determination 

of a phenotype is viewed as a unidirectional process, from genes to characters. However, 

data suggests that this relationship is most likely bidirectional, with phenotypes shaping the 

structure of genotype and vice versa (Nevo 2001). Although these facts have been known 

for long and some effort has been put in incorporating new findings to theory (reviewed in 

Orr 2005), most of the models used for explaining adaptation rely on the old assumptions of 

the modern synthesis such as the independent spread of genes or the lack of non-additive 

genetic interactions (Mayr 1982). The reason for the widespread use of these simplifying 

assumptions is that they have allowed the development of an extraordinary mathematical 

body which is well understood by geneticists and which explains part of data observed (Orr 

2005). As a result, the molecular basis of phenotypic diversity is not entirely understood, and 

new approaches are needed to bridge the gap between the recent molecular data and 

evolutionary theory.  

The drop in sequencing prices during the last decades has resulted in an explosion of 

genome-wide molecular data for a wide range of organisms. Data that extends beyond the 

small number of traditional genetic model species that had previously been studied in detail. 

This new ability to obtain data open up opportunities to study the interface between 

genotypes and phenotypes. Of particular interest are the organisms displaying within-

population stable complex polymorphisms. This concept refers to instances where two or 

more discrete complex phenotypes co-exist within a population of the same species. The 

term “complex” is used here to refer to the fact that these phenotypes differ in several traits, 

so that they are likely to be encoded by the interaction of multiple genes. Such stable 

complex polymorphisms are common across the tree of life. Some are widespread, such as 

sexual dimorphism, others are more species-specific, for instance, multiple male morphs in 

some dung beetles (Matsumoto & Knell 2017), neotenic morphs in tiger salamanders 

(Lackey et al. 2019) or swarming behaviour in locusts (Ayali 2019). The different phenotypes 

may be directly encoded in specific regions of the genome, as happens with sex 

chromosomes responsible for triggering sexual dimorphism. On the other hand, other stable 
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polymorphisms are controlled by environmental factors, and the mechanisms at the 

molecular level involve changes in gene expression, as is the case with the swarming 

behaviour of locusts (Kang et al. 2004).  

Stable complex polymorphisms provide valuable study systems for understanding the 

interactions between phenotypes and genotypes: they allow the study of discrete trait 

differences, but because they occur within the same population, the molecular differences 

underlying different phenotypes are not confounded with factors such as geography or 

taxonomy. In this thesis, I use the red fire ant Solenopsis invicta as a model to shed light on 

the molecular processes underlying stable complex polymorphisms. This species displays 

two types of stable polymorphism. At the colony level, it is socially polymorphic: fire ants can 

display two types of social organisation. Colonies can either have one or multiple queens per 

colony. This social polymorphism is determined genetically, through a low recombination 

region of the genome designated as a supergene (Wang et al. 2013). At an individual level, 

as with other social insect species, the fire ants have three morphological castes, queens, 

workers and males. These castes represent three discrete phenotypes at the morphological, 

behavioural and reproductive level. Unlike social polymorphism, caste differences are 

determined environmentally (Tschinkel 2006). S. invicta thus provides an example of 

complex stable polymorphisms maintained by two types of molecular regulation.  

The following sections will introduce in more detail the nature of supergenes, their role in 

evolution, the mechanisms of caste determination in social insects, the life history of S. 

invicta and how these topics will be addressed in the present thesis.  

The Solenopsis invicta system  

S. invicta has been well studied, mainly due to its pest status as an invasive species in the 

USA since its introduction from South America in the 1930s (Callcott and Collins, 1996). 

More recently it has spread elsewhere in the world, including Australia, Taiwan and Southern 

China (Ascunce et al. 2011). It is an example of social polymorphism and, additionally S. 

invicta is relatively easy to rear in the laboratory (Tschinkel 2006), which, added to the fact 

that its genome sequence was published in 2011 (Wurm et al. 2011), has led to S. invicta 

emerging as a model organism for the study of social evolution. This role has in turn boosted 

the production of data available for this species.  

S. invicta colonies have either a single or multiple queens (Tschinkel 2006). This apparently 

simple phenotypic trait affects the whole organisation, behaviour and physiology of the whole 

colony. Single-queen colonies have bigger queens and workers (Greenberg et al. 1985), 
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moreover their queens are more fertile, more efficient egg layers, disperse over longer 

distances and have a longer lifespan than their multiple-queen counterparts (DeHeer 2002). 

After dispersal, queens destined to have their own single-queen colony are able to disperse 

over large distances and independently form new colonies. On the other hand, queens 

destined to be part of multiple-queen colonies can either become reproductive in their natal 

nests or found new colonies, although they are not able to do so on their own. These queens 

need the assistance of workers from the natal colony to successfully establish a new nest, 

usually by budding from the original colony (Vargo & Porter 1989). At the colony level, 

workers from single-queen colonies are more territorial and aggressive than those from 

multiple-queen colonies (Chirino et al. 2012). Single-queen workers only accept one 

reproductive queen, killing any supernumerary pretenders to the crown, whereas workers in 

multiple-queen colonies are far less aggressive towards new reproductive queens (DeHeer 

2002). Differences in colony social form result in important changes in the balance of fitness 

costs within a colony. Because workers in multiple-queen colonies are less related to the 

queens in the colony than in single-queen colonies, the fitness cost of altruistic behaviour for 

workers is likely to be different in either colony type (Keller 1995). 

Intriguingly, all these phenotypic features of the colony are controlled by a single Mendelian 

factor (Ross & Shoemaker 1997), the two alleles of the gene Gp-9 (Krieger & Ross 2002). At 

first it was considered that this gene could have large down-stream phenotypic effects that 

would account for the striking differences observed in the S. invicta colonies (Gotzek & Ross 

2007). However it was later demonstrated that this gene is actually part of a larger non-

recombining region -supergene- which would actually define the two social phenotypes 

(Wang et al. 2013). This supergene, which has been described as a ‘social chromosome’, is 

20.9 Mb long (Stolle et al. 2019), including around 400 genes and taking up to 55% of an 

actual chromosome (Pracana et al. 2017). The two variants of this social chromosome are 

referred to as SB and Sb. All individuals in single-queen colonies are homozygotes SB/SB, 

thus producing diploid SB/SB reproductive females and SB haploid reproductive males 

(Wang et al. 2013). The association with the social chromosome with multiple-queen 

colonies is less straightforward. All queens from multiple-queen colonies are SB/Sb, any 

SB/SB young reproductive female is systematically killed by workers (Keller & Ross 1998), 

although sometimes a few are able to escape (DeHeer 2002). Workers, however, can either 

be SB/SB or SB/Sb, it has been shown that only 5%-15% of the workers need to be SB/Sb 

heterozygotes to form a multiple-queen colony (Ross & Keller 2002). In wild populations, the 

proportion of homozygote workers is estimated to be between 20% to 50% (Buechel et al. 

2014). Multiple-queen colonies thus produce mostly SB/Sb and very few SB/SB queens and 

both SB and Sb haploid males (Gotzek & Ross 2007). Sb/Sb queens have been very rarely 
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reported in mating flights and inside some nests (Fritz et al. 2006), but there is no evidence 

for their offspring to be viable, and are thus considered a lethal recessive and an 

evolutionary dead end (Tschinkel 2006). 

In the invasive populations in USA, multiple-queen colonies produce large proportions (up to 

90%) of diploid males which are mostly sterile. This has been interpreted as a result of the 

loss of genetic diversity in invasive populations (Ross et al. 1993). In native populations of S. 

invicta diploid males are less common (around 14%), but they still are an exclusive feature of 

multiple-queen colonies (Ross et al. 1993). Diploid males are very costly for the colony, do 

not contribute to colony maintenance and the vast majority of them are sterile or produce 

unviable triploid offspring (Ross & Fletcher 1986). In the vulnerable early stages of colony 

founding, single-queen colonies where a half of the individuals are diploid males, the colony 

would be very unlikely to survive because of these costs. Established single-queen colonies 

almost never produce diploid males. In multiple-queen colonies, however, given that there 

are several queens contributing to producing individuals, the cost of diploid males appears to 

be bearable and the colony survives (Ross & Fletcher 1986).  

In addition to the production of diploid males, haploid males from multiple-queen colonies 

disperse over shorter distances than those from single-queen colonies. As a consequence 

most multiple-queen successful reproductive females would be mating with SB haploid 

males from single-queen colonies (Ross & Keller 1995b). Finally, males from multiple-queen 

colonies carrying the Sb allele produce less sperm and the females they mate with are far 

more likely to re-mate than those fertilised by SB males (Lawson et al. 2012). According to 

some authors, these factors would result in an uneven, unidirectional gene flow between 

social forms (Ross & Shoemaker 1993), where most successful reproductives tend to be 

produced by single-queen colonies. Other studies, however, suggest that the gene flow is 

limited between social forms (Goodisman et al. 2000). This limited gene flow would be 

achieved by biasing the production of reproductive individuals towards Sb carrying males 

(Fritz et al. 2006) and queens (Keller & Ross 1998; Buechel et al. 2014) in multiple queen 

colonies. Because the Sb variant is only present in multiple-queen colonies, most 

reproductive individuals from these colonies would only produce colonies from the same 

social form, thus limiting the gene flow between phenotypes. Additionally, other mechanisms 

such as selective mating within social form may counteract the lower reproductive success 

of multiple-queen individuals (Saddoris et al. 2016). It is also relevant to note that the idea of 

a unidirectional gene flow is based on the assumption that multiple-queen colonies produce 

a high proportion of sterile diploid males. This assumption is true for populations in the 

invasive range of North America, but not for the native range (Ross et al. 1993).  
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An understanding of the life history of Solenopsis invicta is required to unravel the 

evolutionary forces at play in the emergence of a stable social polymorphism in this species. 

But life history is, however, just part of the story. To produce a full picture, the molecular 

basis needs to be understood too. The next section will deal with such mechanisms: the 

supergenes. What are they? What are the evolutionary forces leading to their emergence? 

And finally, how do they define and maintain different phenotypes in S. invicta? 

Supergenes and their role in evolution 

Supergenes are structures in the genome that contain tightly linked genes which allow the 

maintenance of complex genetic interactions (e.g. epistasis) underlying discrete complex 

phenotypes (Thompson & Jiggins 2014). Since they were theoretically described in the first 

half of the XX century, and after the empirical demonstration of their existence in Drosophila 

melanogaster (Darlington & Mather 1949) the understanding of their importance in evolution 

has increased significantly. Indeed, it has been shown that supergenes underlie highly 

diverse phenotypic features in a wide range of organisms, such as plant heterostyly in 

Primula (Ernst 1938 in Li et al. 2016), mating type in smut fungi (Bakkeren & Kronstad 1994; 

Lengeler et al. 2002; Branco et al. 2018) or male sexual morphs in ruffs (Widemo 1998; 

Küpper et al. 2016) amongst many other examples. These studies highlight the importance 

of supergenes, not only because they usually underlie ecologically important traits, but also 

because they can impact our theoretical understanding of evolution. Indeed, the current 

evolutionary theoretical framework is mostly based on the idea that selection acts on 

independent loci, and that the vast majority of genetic variance is additive (Orr 2005). 

Supergenes, however, allow for selection to act on many linked loci at the same time, and 

for non-additive interactions to be maintained over evolutionary time (Thompson & Jiggins 

2014; Schwander et al. 2014). If supergenes play a more important role than previously 

thought in evolution, the theoretical framework will have to give more room to selection on 

linked loci and on epistatic traits. 

Theory predicts that supergenes would arise whenever selection would favour low 

recombination rates between two or more loci with epistatic interactions (Turner 1967). That 

is in situations in which such loci have co-evolved for expressing a given phenotype. In that 

case, a given locus will be beneficial for the bearer only if it is expressed along with the other 

co-evolved loci. Recombination and the random spread of such loci will be detrimental, thus 

favouring low recombination rates between these loci. New mutations arising linked to these 

loci being beneficial for the bearer would be favoured, forming a supergene which spreads in 

the population as a single locus (Charlesworth 2016). According to theory, selection for low 
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recombination is very unlikely to arise between genes that are completely unlinked. In other 

words, supergenes will arise between genes which are already under some sort of weak 

linkage, for instance, by being physically close in the genome. It is very unlikely that 

supergenes could emerge, for example, by translocations that would bring together genes in 

different chromosomes (Charlesworth & Charlesworth 1975). However, most of these 

predictions are based on purely theoretical models (e.g. Turner 1967; Charlesworth & 

Charlesworth 1979; Charlesworth & Charlesworth 1975) and further empirical evidence is 

needed to critically evaluate these models to fully understand how supergenes form and 

evolve. 

The evolutionary forces favouring selection for low recombination include processes such as 

the maintenance of local adaptation under strong genetic flow (Tigano & Friesen 2016; 

Kirkpatrick & Barton 2006) or evolutionary conflict (Charlesworth 2016). In the former case, 

specific adaptations to a local environment requiring the interactions of two or more alleles 

would be disrupted by new maladapted variants entering the population through gene flow. 

Under this scenario, supergenes would maintain the linkage between the locally adapted 

variants and “shield” them from gene flow. This is the case, for instance, for the different 

morphs of batesian mimicry in Heliconius numata butterflies. In this butterfly species, seven 

wing colour pattern morphs coexist together in the same populations. These morphs mimic 

the colour patterns of other butterfly species, which are toxic to predators. H. numata thus 

profits of the signalling for toxicity from other species without the cost of having to produce 

toxic compounds, a strategy known as Batesian mimicry. Consequently, there are high 

fitness costs associated with producing the “wrong” wing colour pattern in H. numata, as this 

would result in higher predation rates. Wing colour patterns are controlled by 3 loci, which 

are co-adapted to produce very specific colour patterns, mimicking different target species 

(Joron et al. 2006). These three loci are linked together in a large inversion, where 

recombination rates are extremely low. This arrangement prevents co-adapted alleles within 

different morphs to recombine in random patterns, even when there is extensive gene flow 

between morphs (Joron et al. 2011). Another example where gene flow may have played an 

important role in the emergence of a supergene is the stick insect Timema cristinae.This 

species displays two phenotypes adapted to two different plant species. These differences 

are heritable and maintained in each ecotype despite gene flow (reviewed in Nosil 2007). 

One of the key traits involved in ecotype adaptations is the colour and colour patterns of 

these insects. There is evidence suggesting that these traits are linked to a large inversion in 

the genome of T.cristinae, with low recombination and high genetic differentiation between 

ecotypes (Lucek et al. 2019). This inversion would potentially keep alleles (in this case, 
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controlling colour and colour patterns) co-adapted to a specific ecotype to recombine with 

alleles adapted to a different ecotype in the face of gene flow. 

In the case of evolutionary conflict, selection for low recombination would favour the linkage 

of variants which are beneficial to a specific phenotype and detrimental in another. This is 

thought to be the case in sex chromosomes, for instance, where male-beneficial alleles are 

more likely to be linked to the Y chromosome in guppies (Wright et al. 2017). A special case 

of conflict includes the complexes of selfish genetic elements, such as the Distorter complex 

in Drosophila melanogaster. D.melanogaster males carrying alleles with and without the 

Distorter complex sire almost exclusively offspring carrying the complex. This genetic 

element is thus an example of gene drive, where a particular allele spreads through the 

population at rates higher than those expected under Mendelian inheritance (reviewed in 

Zimmering et al. 1970). The Distorter complex needs the action of two genes to spread, and 

additionally, 3 other modifier genes are associated with the activity of this drive system. The 

Distorter complex works as a drive system more efficiently for a specific combination of 

alleles of these genes. In most Distorter systems, these loci are linked together in inversions 

that reduce recombination (Thomson & Feldman 1974). If the two main alleles of the 

complex recombine with non-drive alleles, the Distorter complex is disrupted. This suggests 

that selection for increased spread of the drive alleles has kept these loci linked together. 

There is evidence suggesting that the linkage between these alleles has happened several 

times, with a high rate of turnover in different populations, in a relatively short span of time. 

This would imply strong selection for linkage in this drive system, even when it is detrimental 

for the bearer (Brand et al. 2015). 

Once selection favours the reduction of recombination, the molecular mechanisms by which 

it occurs are increasingly becoming understood thanks to the increase in availability and 

quality of molecular data. These vary from organism to organism and several of them can 

act at once, they include structural variation such as inversions (e.g. the white-throated 

sparrow, Thorneycroft 1966; Tuttle et al. 2016) and introgressed regions (e.g. in Heliconius 

numata, Jay et al. 2018), the formation of supergenes in already low recombination areas 

such as the centromere or epigenetic mechanisms such as methylation (reviewed in 

Schwander et al. 2014). It is important to note that not all genes linked in a supergene are 

necessarily involved in defining the phenotype under conflict. Low recombination regions 

linked to supergenes can expand seemingly without the need of additional selection linkage. 

This is the case, for example in the supergenes controlling mating type in some fungi. Mating 

type in fungi requires the joint action of two loci, one emitting a signal and another one 

receiving it, to enable reproduction and prevent self-fertilisation. These loci are often linked 

together in a sex chromosome-like system. In the genus Microbotryum, this low 
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recombination region extends in successive inversions, resulting in different evolutionary 

strata (i.e. regions with different levels of differentiation from the homologous chromosome). 

Intriguingly, only the first inversion involved the linkage of the two mating type loci. The other 

successive inversions contain no loci associated with mating type, and given that there are 

no phenotypic differences between mating types, it is unlikely that evolutionary conflict would 

arise. It is thus likely that the successive inversions and, as a result, the extension of the low 

recombination region are not driven by adaptive processes, but rather, as a consequence of 

the lack of recombination (Branco et al. 2017; Branco et al. 2018).  

Finally, another important point to consider when it comes to supergenes is the mechanisms 

by which their polymorphism is maintained. A new variant resulting in a strong phenotypic 

change would be expected to result in fitness differences. All else being equal, a fitness 

advantage would lead to the fixation of the new supergene variant and a disadvantage to its 

loss. Instead, polymorphism can be maintained if the different variants of a supergene are 

maintained in a population by means of balancing selection (Chouteau et al. 2017) of the 

phenotypes they encode, by one of the variants being lethal in homozygotes, but where both 

phenotypes are co-dependent (e.g. sex chromosomes) or a combination of both selection 

and lethality of homozygotes (Hedrick et al. 2018; Küpper et al. 2016).  

The supergene of Solenopsis invicta 

Solenopsis invicta has a supergene linked to a social polymorphism, where colonies are 

either single or multiple-queen. This supergene or social chromosome has two variants, SB 

and Sb between which recombination is suppressed. The queens from multiple-queen 

colonies are always SB/Sb, whereas queens from single-queen colonies are SB/SB. Sb/Sb 

results in a lethal recessive, which implies that the Sb variant never recombines. As a 

consequence of the lack of recombination, the Sb variant shows signs of large-scale gene 

degenerations such as an increase in non-synonymous mutations (Pracana et al. 2017) and 

accumulation of repetitive elements (Stolle et al. 2019).  

The process by which recombination became suppressed between variants is not yet 

completely understood. Three large inversions between SB and Sb prevent recombination, 

but long time gaps between chromosomal rearrangements seem unlikely given that the 

supergene region has no signs of evolutionary strata (Pracana et al. 2017). This pattern is 

consistent with the alternative that the Sb variant of the social chromosome introgressed into 

the S. invicta genome from other ant species (Huang et al. 2018). Support for this idea 

comes from the fact that sister species of S. invicta also have the same social chromosome 
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system. Moreover, the estimated timing of the split between SB and Sb predates the 

speciation events between many of these species (Wang et al. 2013). In at least some cases 

the Sb homozygotes are not lethal in these species (Hallar et al. 2007). The introgression 

hypothesis proposes that the Sb variant was introduced to S. invicta as a set of pre-adapted 

alleles linked together and providing a switch for the multiple-queen colony phenotype 

(Huang & Wang 2014). 

As with other supergenes, an important question is how a stable equilibrium can be 

maintained between SB and Sb. Homozygote Sb being lethal, all else being equal this 

variant should be lost in the population. There must therefore be mechanisms at play that 

prevent this from happening. Multiple hypotheses have been put forward, which are not 

mutually exclusive. Ecological data show that single and multiple-queen colonies perform 

better in different environments. Queens from single-queen colonies disperse at longer 

distances and are able to fund colonies on their own, unlike their multiple-queen 

counterparts are better at colonising (Ross & Keller 1995a). As a consequence, single-

queen colonies are better at becoming established in new, empty environments, whereas 

multiple-queen colonies are better suited for environments where many other colonies are 

already established (DeHeer 2002). In the native range of S. invicta, seasonal floods are 

usual, and result in the recurrent disturbance of flood plains, where colonies of S. invicta 

tend to be established (Allen et al. 1974; Buren et al. 1974). This recurrence disturbance 

provides alternate ecosystems where either single or multiple-queen colonies perform better, 

thus maintaining a balance between both social forms (Ross & Keller 1995a). Depending on 

the strength and alternance between these ecological factors, populations of S. invicta can 

contain both types of social forms in relatively balanced proportions, as in the invasive North 

American range (Callcott & Collins 1996). Alternatively, each social form may show a more 

patchy distribution, with some populations being almost exclusively formed by one of the 

colony types, as observed in the native South American populations (Ahrens et al. 2005; 

Ross et al. 2007; Mescher et al. 2003).  

Other hypotheses focus instead on the properties of the social chromosome itself. In 

multiple-queen colonies most homozygote SB/SB queens are killed by workers before they 

can leave the nest (DeHeer 2002). Additionally, there is evidence showing that it is mostly 

workers carrying the Sb allele that attack such queens. This has led to the idea the social 

chromosome may be an example of theoretical proposal known as the green-beard gene 

(Keller & Ross 1998). That is, a gene variant (or group of genes) which produces a signal in 

the carrier that can be detected by other individuals carrying that same variant (Hamilton 

1964a; Hamilton 1964b; Dawkins, 1978). In this case, the Sb variant would produce some 

sort of signal in queens that would be detected by workers, which would in turn recognise 
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the signal and tolerate the Sb carrying queen. Queens without this variant, on the other 

hand, would be detected as such by the workers and killed. The idea of Sb as a green-beard 

element, however, has been contested. Evidence also suggests that workers could be 

biasing the production of reproductive males towards those carrying the Sb allele (Fritz et al. 

2006). The killing of virgin SB/SB queens and the bias against SB carrying males would 

contribute to maintain the balance between SB and Sb in the population. Finally, there is 

evidence showing that diploid larvae carrying the Sb allele are more likely to become queens 

than the SB/SB homozygotes (Buechel et al. 2014). In short, this would imply that individuals 

carrying the Sb variant has more chances of reproducing than those carrying the SB variant 

in multiple-queen colonies, thus increasing Sb frequency in the population. 

So far, this section has focused on the mechanisms by which recombination is suppressed 

in the social chromosome, and how its two variants may be maintained at a stable 

equilibrium in the population. These ideas lead to a key question, forming an important part 

of this thesis, why does this supergene exist in the first place? Or, put differently, what 

evolutionary pressures led to the emergence and maintenance of the social chromosome? 

The social chromosome emerged from conflict 

The relationship between S. invicta’s supergene (i.e. social chromosome) and the phenotype 

to which it is linked is similar to that of sex chromosomes. In chromosomal sex determination 

systems, there is typically a chromosome which has a large non-recombining region (e.g. Y 

or W), which occurs in the heterogametic sex (XY males or ZW females), the other sex 

comprising homogametic individuals (XX females or ZZ males). The homogametic non-

recombining chromosome is a lethal recessive (e.g. YY and WW) (Bachtrog et al. 2011). 

Likewise, in S. invicta there are two social chromosomes, one of which has a large region 

which does not recombine during meiosis (SB and Sb), colony phenotype is determined by 

whether the queen is homogametic (SB/SB for single-queen colonies) or heterogametic 

(SB/Sb for multiple-queen colonies) and the non-recombining chromosome is a lethal 

recessive (Sb/Sb). As with the Y chromosome, the lack of recombination in Sb is associated 

with a slow process of large-scale gene degeneration (Pracana et al. 2017; Stolle et al. 

2019). These similarities between the two systems have led to the idea that maybe the 

evolutionary forces behind their emergence are the same.  

Sexually dimorphic species males and females share most of the genome but have different 

evolutionary optima. These different ‘evolutionary interests’ between males and females 

sometimes result in opposing selection pressures in the genome, a phenomenon referred to 

as sexual conflict (Chapman et al. 2003). The same process could potentially take place 
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whenever the same genome expresses two or more different discrete phenotypes within the 

same population. This broader phenomenon will be referred to as evolutionary conflict 

throughout this thesis. The emergence of sex chromosomes has often been linked to sexual 

conflict (Charlesworth 2016). Similarly, a potential evolutionary conflict between the two 

phenotypes of S. invicta could have favoured the emergence of the social chromosome.  

For evolutionary conflict to emerge between the two social forms of S. invicta selection must 

act at the colony level, as happens in ants and other eusocial insects. Because all 

individuals of a colony are highly related, they share most of the alleles in the genome and 

their evolutionary aims are therefore “aligned” (Hamilton, 1964a; Hamilton, 1964b). As a 

result, individuals within a colony engage in highly altruistic behaviours that lead to division 

of labour, where only a few individuals in the colony reproduce. Some authors go as far as to 

claim that colonies of social insects act as superorganisms, whereby the reproductive caste 

(e.g. queens) can be viewed as the germline of the colony, and the worker caste the soma 

(Boomsma & Gawne 2018). Despite this, it is likely that selection also acts at the individual 

level, within colonies, resulting in conflicts between castes. Such inter-caste conflict, 

however, is unlikely to explain the emergence of the social chromosome given that all castes 

are present in both colony types and that the presence of the supergene is not linked to any 

particular caste. Inter-caste conflict might, however, affect the evolution of the supergene 

once it has emerged, as detailed later below. 

The study of evolutionary conflict in sexually dimorphic species based on entire phenotypes 

has proved to be extremely challenging, as the relevant traits may be controlled by a wide 

range of genes and under diverse selection pressures (Mank 2009). Instead, it is easier to 

focus on single loci under sexual antagonism, a phenomenon known as intralocus sexual 

conflict (Bonduriansky & Chenoweth 2009). A particular allele at a single locus may be 

beneficial for one sex but detrimental for the other; in this situation, the phenotype can be 

shifted towards the optimum (averaged over both sexes) by changing the relative expression 

of the segregating alleles. In that case, neither of the sexes would be at its optimum. At this 

point, selection could act to decouple expression levels in the two sexes, allowing sex-

biased expression. According to this view, sex-biased expression would represent resolved 

intralocus sexual conflict (Mank 2009). Sex-biased expression can be achieved by a wide 

range of mechanisms, including hormonal control (Ketterson et al. 2005). Sex biased 

expression can be facilitied if the locus is linked to the sexual chromosomes (Bachtrog 

2006). Therefore sex chromosomes are expected to be enriched in sex-biased loci (Rice 

1984). In organisms which sex is determined by X and Y chromosomes (e.g. D. 

melanogaster), the X chromosome should be enriched in female-biased loci (feminized) and 

depleted in male-biased loci (de-masculinized). This pattern has been detected in D. 
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melanogaster (Sturgill et al. 2007) and mammals (Khil et al. 2004), and likewise expression 

on the Z chromosome is de-feminized in birds (Mank & Ellegren 2009), giving support to the 

idea that the detection of sex-biased expression could act as a tool for detecting intralocus 

sexual conflict.  

However, although informative, this approach has several limitations. Pleiotropic loci (i.e. loci 

with more than one function) are likely to be under different selective pressures, and would 

probably not show different expression patterns even if they are under sexual conflict (Mank 

et al. 2013). Moreover, this approach can only detect resolved sexual conflict, and ongoing 

sexual conflict would remain undetected (Mank 2009). It is necessary to consider also that 

sex-biased expression could be neutral for some loci (e.g. a transposon jumping close to a 

gene could have a cis-acting effect changing the expression of a sex linked locus). But 

evidence so far supports the expected direction and distribution in the genome of sex biased 

expression (Khil et al. 2004; Sturgill et al. 2007; Mank & Ellegren 2009). These patterns 

suggest that considering multiple loci, biased expression will be mostly due to antagonistic 

selection (Mank 2009). Another issue that needs to be taken into account is dosage 

compensation. In older sex chromosome systems, the non-recombining variant is often 

degraded and gene depleted. Therefore, the heterogametic sex has only half of the copy 

number of the genes compared to the homogametic sex. Consequently, the heterogametic 

sex has fewer transcription targets, resulting in unbalanced expression levels for all the 

genes in the sexual chromosome. The expression levels of the two sexes would be evened 

out by a wide range of mechanisms resulting in dosage compensation (reviewed in Marín et 

al. 2000). It was once thought that dosage compensation should occur whenever sexual 

chromosomes evolve. However we now know that dosage compensation can occur at a 

chromosome-wide level, only locally for some genes, or not at all, thus showing that the 

evolution of sexual chromosome does not always imply dosage compensation (Mank et al. 

2011). 

Because social chromosomes share similarities with sex chromosomes, it would be plausible 

to redirect the techniques that were used to detect markers of intralocus sexual conflict, to 

find intralocus social conflict in the social chromosome of S. invicta. The SB chromosome 

would be expected to be enriched in single-queen-biased loci and depleted in multiple-

queen-biased loci. Prior to making this prediction, however, it is necessary to consider that 

the social supergene has a younger age of divergence (>390,000 years according to Wang 

et al. 2013) than most sex chromosomes studied in which sex-biased selection has been 

detected (e.g. Y chromosome in humans diverged 80-130 million years ago according to 

Waters et al. 2001). As a consequence the social chromosomes have had less time to 

accumulate biased expression than these sexual chromosomes. This shorter time interval 
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could result in a weaker signal of socially biased expression in the S. invicta social 

chromosomes. The time scale also affects the predictions for dosage compensation: 

chromosome-level dosage compensation might be less developed in S. invicta social 

chromosomes. Because of the relatively short time of divergence between Sb and SB, the 

gene content is similar in both variants (Pracana et al. 2017), which would make 

chromosomal level dosage compensation unnecessary. There are, however, signs of 

ongoing degeneration in Sb due to lack of recombination, such as the accumulation of 

potentially deleterious mutations (Pracana et al. 2017) and repetitive elements (Stolle et al. 

2019). Consequently, dosage compensation could occur at a gene by gene level. That is, 

dosage would be compensated only for the few specific genes which are dosage sensitive 

and for which the Sb variant has been downregulated.  

The social chromosome emerged from local adaptation 

The previous section discussed the similarities between sex and social chromosomes, and 

how these could be used to draw parallels between the two systems. There are however, 

several important differences too between these two supergenes. Differences that could also 

affect how we interpret the evolutionary forces that originated and maintained the social 

chromosome.  

Sex chromosomes determine the phenotype of discrete individuals whereas social 

chromosomes determine the phenotype of entire colonies. Ant colonies are neither a simple 

group of organisms nor a single organism. As explained above, selection in ants acts at the 

colony level, but it may also act within colony at an individual level. Under the latter scenario 

there are additional factors and conflicts that may influence the expected outcome of socially 

biased gene expression and which need to be taken into account. For instance, each caste 

has different evolutionary aims and therefore the benefits and detriments for either social 

form will be perceived differently by each caste (Pennell et al. 2018). There are large 

differences in S. invicta gene expression between castes (Ometto et al. 2011), which makes 

it likely that socially-biased loci will be different between castes. Something similar may 

occur between developmental stages. Not only is S. invicta holometabolous, yielding large 

phenotypic differences between developmental stages, but also caste is largely defined by 

social environment during development (Tschinkel 2006). Indeed developmental stage is 

one of the factors accounting for most of the variation in transcription patterns in ants 

(Ometto et al. 2011). Similarly studies looking at intralocus sexual conflict at different 

developmental stages of Drosophila melanogaster (which is holometabolous as well) 

showed that sexual biases in expression occurred at different developmental stages (Perry 
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et al. 2014). It is thus likely that socially biased loci in S. invicta would be found at different 

developmental stages both due to development and to caste determination. 

Additionally, it must be considered that sexual dimorphism does not hinder gene flow 

between the sexes in any one species, whereas divergence in social form could potentially 

reduce gene flow (Shoemaker et al. 1996). The studies described above have found that the 

gene flow between social forms in S. invicta is complex, and not necessarily even between 

phenotypes.  

The details of gene flow between S. invicta social forms could affect the supergene 

evolution: for instance, if the queens who populate multiple-queen colonies are 

predominantly mated by males from single-queen colonies, this asymmetry would produce 

substantial directional gene flow each generation, from single to multiple-queen colonies 

(Ross & Shoemaker 1993). It would then be possible that alleles which are favoured in 

single queen colonies but being slightly deleterious for the multiple-queen phenotype would 

become fixed population-wide, including the multiple-queen colonies. Put differently, since 

the entire genome would, on average,have spent more time in single-queen colonies, it 

would be predominantly adapted to this social phenotype. The only exception to this pattern 

is the non-recombinant Sb variant of the social chromosome, which is restricted to multiple-

queen colonies. In this region of the genome, alleles favoured in multiple-queen colonies 

would tend to increase in frequency, whatever their effect in single queen colonies. From this 

perspective linkage between alleles at different loci favoured in multiple-queen alleles could 

have emerged through a selection scheme similar to models of local adaptation, rather than 

models of evolutionary conflict. This idea assumes a unidirectional gene flow, from single to 

multiple-queen colonies, which evidence suggests is inaccurate (Goodisman et al. 2000). 

Other models of gene flow between social forms are likely to affect the predictions on 

supergene evolution, and should therefore be considered when attempting to shed light on 

the processes leading to the emergence and maintenance of the social chromosome.  

A final possibility is the emergence of the social chromosome as a selfish supergene. 

According to the green-beard hypothesis (Keller & Ross 1998), the social chromosome 

would be acting as a meiotic drive complex. Under this scenario, selection would have 

pushed to keep the genes for emitting and receiving the “green-beard” signal linked together 

in the Sb variant. According to this idea, the social chromosome would have first emerged as 

a selfish genetic element, and its phenotypic effects would have been then hijacked later on 

(Huang & Wang 2014).  
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Caste determination in social insects 

Termites and many hymenopterans display some degree of social organisation, where 

individuals within the same colony perform different tasks in a division of labour. In social 

insects, a caste refers to a group of individuals that performs a similar type of task. The 

extent to which each individual is specialised in a particular task varies among social insect 

species but in general these tasks can be roughly divided into reproduction, which will be 

carried out by one or a few individuals (queens in hymenopterans or queens and kings in 

termites), and nest maintenance, which will be performed by the bulk of the colony 

(workers). In some species, castes are flexible, workers retain the ability to reproduce and 

can become actively reproductive if the queen is removed from the colony (e.g. 

Chandrashekara & Gadagkar 1991). These are known as behavioural castes, because the 

differences between workers and queens are mostly behavioural, rather than morphological. 

In other cases, once established, castes are irreversible and workers are completely unable 

to reproduce. In these cases castes are different morphologically as well as behaviourally. In 

social insects with highly complex social organisation, morphological castes reach their 

highest level of specialisation, to the extent that in some cases castes can be divided into 

sub-castes, where individuals within the worker caste display morphological differences 

depending on the specific task they perform (e.g. Sobotník et al. 2010; Gruter et al. 2012; 

Muscedere & Traniello 2012). 

Here, I will be focusing only on ants, where the advent of morphological castes is 

monophyletic (Hölldobler et al. 1990). Morphological caste differences in ants represent a 

striking example of complex stable polyphenism. An ant colony can be divided typically into 

three castes coexisting together in time and space: workers, queens and males. Queens and 

workers are always female and queens and males share reproductive status, because they 

are the only individuals that can produce new offspring.  

Ants, as well as other hymenopterans, are haplodiploid, which means that males are haploid 

whereas females (workers and queens) are always diploid. The molecular mechanisms 

underlying such sex determination system depends on one single locus (Beye et al. 2003; 

Evans et al. 2004). Individuals that are homozygous or hemizogous for this sex 

determination locus will develop into males, and heterozygotes become females. There is 

strong diversifying selection maintaining high genetic diversity for this locus (Hasselmann & 

Beye 2004). As a consequence, diploid individuals almost always are heterozygote for the 

sex determining locus and, therefore, devolop into females, whereas haploid individuals, 
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having only one copy of the gene, will develop into males. In cases of loss of genetic 

diversity (e.g. a population bottleneck), diploid males become more likely.  

The differences between queens and workers are more complex to explore at a molecular 

level. This is because, with a few exceptions (reviewed in Anderson et al. 2008), caste 

differences within sex are determined environmentally. More specifically, factors under the 

control of workers, such as nutritional input during the larval stages will determine whether a 

female develops into a queen or a worker, or different types of workers (Wheeler 1991; 

Hölldobler et al. 1990). Ultimately, workers control the proportion of queens and workers in a 

colony through allocation of resources to larvae. Environmental caste determination implies 

that all the molecular mechanisms involved in differences between workers and queens are 

epigenetic, and measurable directly at the gene expression level.  

These mechanisms have been the focus of much of the research in social insects. It is only 

in the last decades, however, with the reduction in price of sequencing, that enough 

molecular data has been made available for social insects in order to start unraveling the 

molecular mechanisms underpinning caste differences (Gadau et al. 2012). Initial 

hypotheses for the molecular machinery behind caste differences borrowed ideas from the 

field of evolutionary developmental biology. More specifically, the idea that there should be a 

core of highly connected, highly conserved ‘toolkit’ genes that would work as switches for 

different caste body plans (Toth & Robinson 2007). Such ‘toolkit’ genes for caste differences 

have not been found, but there is some empirical support from this idea, stemming from the 

fact that modules of coexpressed genes do seem to be conserved across ant species 

(Morandin et al. 2016; Berens et al. 2015). Other authors have suggested that instead, 

taxonomically restricted young genes with low connectivity are responsible for the 

morphological innovations involved in caste differences (Sumner 2014). This idea has also 

gained empirical support (Jasper et al. 2015). The picture that is taking shape is that of a mix 

of both hypotheses, where both older, highly connected genes and taxonomically restricted 

genes play a combined role in defining caste differences (Mikheyev & Linksvayer 2015). 

Under this scenario, the idea that conserved genes have been co-opted to play new roles in 

the different castes is key. For such genes, rather than changes in gene sequence, 

molecular changes involved in caste differences would involve changes in the gene 

regulatory networks (Smith et al. 2015; Simola et al. 2013; Hunt et al. 2011). A potential 

molecular mechanism that could produce such pattern is that of gene duplication with 

subfunctionalisation. That is, genes that undergo duplication (locally or as part of larger 

events), where the new copy of the gene is now under relaxed selection and, therefore, 

more likely to accumulate new functions (Gadagkar 1997; Chau & Goodisman 2017). 

Evidence suggests that such mechanisms could be taking place in ants, where several gene 
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duplications have resulted in expansions of gene families (e.g. Kulmuni et al. 2013; Zhang et 

al. 2016; Smith et al. 2011), vitellogenins in particular seem to have undergone several 

duplication events (Morandin et al. 2014; Oxley et al. 2014; Wurm et al. 2011; Corona et al. 

2013). In some cases, even potential whole genome duplication events may have taken 

place during the evolution of some ant groups (Tsutsui et al. 2008). All these duplication 

events would then provide the potential to respond to selection for subfunctionalisation. 

Caste determination in Solenopsis invicta 

S. invicta, like most ant species, has three morphological castes: queens, males and 

workers. Sex in fire ants is determined by ploidy, workers and queens are diploid, whereas 

males are haploid (excepting the case of low genetic diversity outlined earlier). Its worker 

caste is determined environmentally during the larval stages and they are unable to 

reproduce (Tschinkel 2006) because of the irreversible degradation of the ovaries. In S. 

invicta there are no discrete phenotypic differences within the worker caste. There is, 

however, a continuum in size variation (Tschinkel 1988; Tschinkel 2006). Despite the 

absence of discrete morphological subcastes, there is a high level of task specialisation 

based on the size of the workers. Smaller workers tend to perform tasks inside the nest, like 

brood maintenance or tunnel building, whereas larger workers tend to perform tasks outside 

the nest, including defense and foraging (Porter & Tschinkel 1985).  

Even though all castes share the same genome, the expression patterns between them are 

very different. Overall, males and workers show the most expression differences, and males 

and queens the least. This pattern might have been expected, as males and queens share 

reproductive status, workers and queens share sex, but workers and males share neither. 

Additionally, workers show the most genes with higher expression, a pattern that has been 

interpreted as a consequence of the different environments that workers have to cope with 

(Ometto et al. 2011). Within workers, specific behaviours (e.g. nursing vs foraging) are also 

detectable through specific expression patterns. And these differences are known to 

disappear in the absence of a queen (Manfredini et al. 2014). 

No single gene has been found to determine caste in any ant, and S. invicta is not an 

exception. There are, however specific genes and gene families that are promising 

candidates to play a key role in caste differences. The ground-plan hypothesis (West-

Eberhard 1987) establishes that cases could have evolved by decoupling reproductive 

behaviours in workers (feeding and nest maintenance) and queens (egg production). This 

hypothesis has gained considerable empirical support in other social insects, including ants 
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(e.g. Kapheim & Johnson 2017; Ihle et al. 2010; Roy-Zokan et al. 2015; Pamminger & 

Hughes 2017). At the molecular level, under this hypothesis we would expect that genes 

involved in reproduction in other species would play an important role in caste differences. 

Additionally, we would expect many of these genes to have been duplicated, allowing for 

caste subfunctionalisation. Supporting this idea, genes involved in sex determination in 

Drosophila melanogaster such as double-sex or fruitless have been shown to display caste-

specific splice forms in S. invicta. Moreover, the fire ant has 4 copies of the vitellogenin 

gene, which is usually involved in yolk production for eggs in other arthropods. These copies 

also display caste-specific expression patterns (Wurm et al. 2011). 

In ants and other social insects, most of the communication between individuals that keeps 

the social structure of the colony is done through pheromones (Hölldobler et al. 1990). If 

chemical communication is disrupted, colonies collapse (Yan et al. 2017; Trible et al. 2017). 

Genes involved in chemical communication such as those encoding for odorant binding 

proteins (Zhang et al. 2016; Pracana et al. 2017) or chemosensory proteins (Koch et al. 

2013; Hojo et al. 2015) are therefore likely to be relevant for caste differences.  

Even though the molecular basis of caste differences are becoming clearer, there is a 

danger that these results include experimental artifacts. This is because most expression 

pattern studies carried out in S. invicta have used whole bodies, which can result in 

misleading expression patterns arising from changes in allometry between castes (Johnson 

et al. 2013), or just a single or a handful of tissues. As a result, it is not possible to fully 

understand the molecular mechanisms underlying caste differences with the available data. 

High resolution tissue-specific gene expression data is needed in order to account for 

allometric changes between castes, while unraveling the caste-specific functions of separate 

tissues.  
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Aims and objectives 

The red fire ant Solenopsis invicta displays two types of social organisation. This social 

polymorphism is controlled by a single genetic element, the “social chromosome”. A large 

part of this social chromosome is a supergene, a region of the genome with repressed 

recombination that links together hundreds of genes, which spread through the population as 

a single Mendelian element. Additionally, because ants produce three different castes from 

the same genome, they represent a good example of polyphenism, whereby the same 

genotype produces different phenotypes. The red fire ant is, therefore, an exceptional 

system for asking questions about the interplay between genomes and phenotypes. My 

project combines analyses of gene expression patterns and genetic modelling to answer 

some of these questions. More specifically: 

 

In chapter 2 I use expression patterns between variants of the supergene and between 

social forms to unravel the evolutionary forces that may have originated and maintained the 

evolution of the social chromosome.  

In chapter 3 I model analytically the spread of an allele with different fitness effects between 

social forms. Different gene flows are modelled, with and without linkage to the supergene to 

test under which conditions evolution by conflict or by local adaptation is favoured. 

In chapter 4 I use tissue-specific gene expression patterns between 16 and 19 tissues of 

males, workers and queens of S. invicta to explore the molecular underpinning of caste 

differences.  
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Abstract 

Supergene regions - where recombination is suppressed over large parts of the genome 

which can contain hundreds of genes - have recently been shown to be pervasive in defining 

and maintaining complex polymorphisms in a wide range of organisms. Here, we use the 

young “social chromosome” supergene system of the red fire ant Solenopsis invicta to test 

the role of intra-genomic conflict in young supergene evolution. This supergene has two 

variants, SB and Sb that determine a trait linked to alternative reproductive strategies: the 

number of queens per colony. We hypothesise that the forces shaping the evolution of this 

supergene are a consequence of evolutionary conflict, where each phenotype has a different 

optimum yet share most of the genome. Evolutionary conflict would impact gene expression 

within the supergene resulting in particular patterns of expression. 

To test whether this is the case, we perform extensive comparisons of gene expression 

between single- and multiple-queen colonies, and in heterozygous individuals found only in 

multiple-queen colonies, between SB and Sb alleles of the hundreds of genes of the 

supergene region. 

We find that the majority of gene expression differences between supergene variants are 

driven by the genomic architecture of the social chromosome. In contrast, a much smaller 

portion of gene expression differences have the potential to be adaptive and due to 

evolutionary conflict between social forms. Overall, our results demonstrate that supergene 

evolution is a complex process due to a combination of neutral, deleterious and adaptive 

mechanisms. 
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Introduction 

Supergenes are paradigmatic examples of how genome structure can drastically impact 

gene interactions to produce large phenotypic differences within species. At an extreme 

level, supergenes are low recombination regions of the genome linked to the expression of 

discrete, complex polymorphisms within species. They contain tightly linked alleles for up to 

hundreds of genes, allowing for the maintenance of genetic interactions over evolutionary 

time (Darlington & Mather 1949). These regions are believed to emerge when several 

phenotypes with different evolutionary optima are connected by gene flow. The ensuing 

evolutionary conflict would result in selection pressures for low recombination of co-adapted 

alleles which together encode for the different phenotypes (Charlesworth 2016). Supergenes 

are more widespread than previously thought and they control ecologically important traits in 

a wide variety of organisms, including flower heterostyly in Primula (Li et al. 2016), mating 

type in Mycrobotryum fungi (Branco et al. 2018) or male sexual morphs in ruffs (Küpper et al. 

2016).  

The non-recombining portions of sex chromosomes represent a special type of supergene, 

because the two sexes are interdependent (Bergero & Charlesworth 2009). There is a large 

body of research on the evolution of sex chromosomes, which constitutes a good starting 

point to understand the evolution of supergenes in general. In these systems, evolutionary 

conflict over sexual phenotypes (sexual conflict) is believed to cause an enrichment of 

sexually-biased loci in the sex chromosomes, where the Y (or Z) is masculinized, and the X 

(or W) variant feminized (Wright et al. 2017; Mank 2017), a pattern observed in a wide range 

of cases (Zemp et al. 2016; Vicoso et al. 2013; Khil et al. 2004; Parsch & Ellegren 2013). On 

the other hand, studies focusing on systems with young sex chromosomes or where there is 

a high rate of sex chromosomes turnover (e.g. Dufresnes et al. 2015; Nozawa et al. 2014; 

Alekseyenko et al. 2013; Muyle et al. 2012) suggest that the role of evolutionary conflict in 

driving sex chromosome evolution might have been overestimated. Instead, sex 

chromosome evolution could be driven mostly by processes unrelated to defining phenotypic 

sex differences (Cavoto et al. 2018; Branco et al. 2018; Branco et al. 2017). Such processes 

include gene-specific dosage compensation due to the accumulation of deleterious 

mutations in the non-recombining variant (Bachtrog 2013; Gu & Walters 2017), or the 

random insertion of transposable elements (Stolle et al. 2019; Ellison & Bachtrog 2018), that 

can in turn affect expression patterns (Cowley & Oakey 2013). In sum, the effects of 

selection for alternate genomic optima to overcome intra-genomic conflict and the effects 

that are phenotypically neutral are relatively important during the different stages of sex 

chromosome evolution (Bachtrog 2013).  
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To test the relative importance of evolutionary conflict and processes related to 

recombination suppression shaping the early evolution of an ecologically important 

supergene, we focus on the social supergene of the red fire ant Solenopsis invicta. Two 

social forms coexist in this species: colonies either have one or multiple queens. This social 

polymorphism is associated with multiple behavioral and physiological traits, all of which are 

controlled by two variants of a supergene known as ‘social chromosome’ (Wang et al. 2013). 

Recombination is severely repressed between the two variants of the social chromosome, 

SB and Sb, due to the presence of at least 3 inversions (Stolle et al. 2019). All individuals in 

single queen colonies are homozygotes SB/SB. In multiple queen colonies, all egg-laying 

queens are SB/Sb but workers can either be homozygotes or heterozygotes. Sb/Sb 

individuals are rarely found in the wild and are believed to be lethal recessives (Gotzek & 

Ross 2007; Fritz et al. 2006), resulting in suppressed recombination in Sb. The two variants 

diverged less than a million years ago (Stolle et al. 2019). In line with such a short time of 

divergence, the social chromosome shows genomic patterns that evidence the ongoing 

degeneration of Sb, by accumulating potentially deleterious mutations due to the inefficient 

selection caused by the lack of recombination (Stolle et al. 2019; Pracana et al. 2017). 

However the vast majority of genes are found intact in both social chromosomes - likely 

because of a potential high cost of loss of genes during the early evolution of this system 

(Stolle et al. 2019).  

We tested whether expression patterns for genes in the S. invicta supergene region follow 

what would be predicted under a scenario led by conflict or by phenotypically-neutral 

evolutionary processes. For this, we generated a new RNAseq dataset from SB/Sb 

individuals of populations in the native range of S. invicta in South America, using different 

body parts of queens (head, thorax and abdomen) and whole workers. We additionally 

integrate preexisting RNAseq data generated from whole bodies of queens from the invasive 

range of S. invicta in North America in our analysis. 

We identified genes with fixed differences between the SB and Sb variants of the social 

chromosome across different populations of S. invicta. We then used this information to 

detect allele-specific expression differences between variants, and compared these 

expression patterns with those obtained from comparisons between social forms. Our results 

show that both evolutionary conflict and phenotypically-neutral processes are likely to play a 

role in the evolution of young supergenes. Their relative importance in gene expression 

evolution differs, however, with phenotypically-neutral processes explaining most of the 

expression patterns observed.  
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Methods 

Generation of RNAseq gene expression data 

We used two previously published and generated one novel S. invicta RNAseq datasets. 

Wurm et al. (2011) obtained whole-body RNAseq data from six pools of 4 egg-laying SB/Sb 

queens, each from a multiple-queen colony from Georgia, USA. Morandin et al. (2016) 

obtained whole-body RNAseq data from 6 samples, each being a pool of 3 queens from 

single- or a multiple-queen colonies (3 replicates per social form) from Texas, USA. Due to 

low quality, we eliminated one queen sample from a multiple-queen colony. All the queens 

were mature and egg-laying (Morandin personal communication), thus queens from multiple 

queen colonies carried the SB/Sb genotype (Keller and Ross 1998). More details for both 

datasets can be found in Annex I (Table AI.1a). 

Both published datasets are from pools of whole bodies from the invasive North American 

range of S. invicta. Because comparisons of whole bodies can be confounded by allometric 

differences (Johnson et al. 2013) and genetic diversity is reduced among Sb haplotypes in 

the invasive populations of North America (Pracana, Priyam, et al. 2017), we generated a 

new gene expression dataset. From the native Argentinian range of this species, we 

collected 6 multiple-queen colonies in 2014 (collection and exportation permit numbers 

007/15, 282/2016, 433/02101-0014449-4 and 25253/16). We confirmed the social form of 

each colony using the (Krieger & Ross 2002) assay on a pool of DNA from 10 randomly 

chosen workers. Colonies were kept for 6 weeks under the same conditions (natural light, 

room temperature, cricket, mealworm and honeywater diet) before sampling. From each 

colony, we snap-froze (between 12:00 and 15:00 local time) one worker and one unmated 

queen for gene expression analysis. On dry ice, we separated each queen into three body 

parts using clean (ethanol + bleach) tweezers: head, thorax and abdomen to partially resolve 

the allometry issue. In total, we had 24 samples for RNA extraction: 6 replicates of 3 body 

parts from queens and 6 whole-body workers. 

We extracted RNA and DNA from each sample using a dual DNA/RNA Tri Reagent based 

protocol (Annex I, Text AI.1). We applied the (Krieger & Ross 2002) assay on the extracted 

DNA to identify only individuals with the SB/Sb genotype. Once RNA was extracted, cDNA 

libraries were prepared from total RNA using half volumes of the NEBNext Ultra II RNA 

Library Prep Kit for Illumina. Raw RNA and the libraries were quality checked on an Agilent 

Tapestation 2200; library insert size averaged 350 bp. An equimolar pool of the 24 libraries 

was sequenced on a single lane of an Illumina HiSeq 4000 sequencer, using 150bp paired 
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reads. The sequencing produced an average of 14,848,226 pairs of reads per sample, with a 

maximum of 27,766,980 and a minimum of 6,015,662 (additional information including GPS 

coordinates in Annex I, Table AI.1b).  

The reads generated where then quality checked and aligned to the S. invicta genome 

reference (version gnG; RefSeq GCF_000188075.1; Wurm et al. 2011). More details are 

available in Annex I, Text AI.2. 

Identifying fixed SNP differences between SB and Sb males.  

To detect allele-specific differences between SB and Sb we first identified SNPs with fixed 

differences between the SB and Sb variants. Because the patterns of genetic diversity differ 

between North American and South American S. invicta populations (Ross et al. 2007; 

Ahrens et al. 2005), we estimated allele-specific expression differences in the social 

chromosome independently for each population. For this we used haploid male ants 

because they can provide unambiguous genotypes. For the North American population, we 

identified fixed allelic differences between a group of 7 SB males and a group of 7 Sb males 

(NCBI SRP017317, Wang et al. 2013). 

For the South American population, we sequenced the genomes of 13 SB males and 13 Sb 

males sampled from across Argentina. More details in Annex I, Text AI.3 and Table AI.2. For 

each dataset, we identified fixed allelic differences between the group of SB males and the 

group of Sb males. We first aligned the reads of each sample to the S. invicta reference 

genome (gnG assembly) using Bowtie2 (v2.3.4; Langmead et al. 2009). We then used 

Freebayes (v1.1.0; Garrison & Marth 2012) to call variants across all individuals 

(parameters: ploidy = 1, min-alternate-count = 1, min-alternate-fraction = 0.2). We used 

BCFtools (v1.9; Li et al. 2009) and VariantAnnotation (v1.30.1; Obenchain et al. 2014) to 

only retain variant sites with single nucleotide polymorphisms (SNPs), with quality value Q 

greater or equal than 25, and where all individuals had a minimum coverage of 1. To avoid 

considering SNPs erroneously called from mis-mapped repetitive reads, we discarded any 

SNP with mean coverage higher than 16 for the North American samples and 12 for the 

South American samples (the mean coverage distribution per SNP is shown in Annex I, Fig 

AI.1) and where one or more individuals had less than 60% reads supporting the called 

allele. This last filtering step also acts to remove SNPs called from reads with sequencing 

errors. We then extracted only the SNPs located within the supergene (based on the 

genomic locations from Pracana, Priyam, et al. 2017) and with a fixed difference between 

SB and Sb in each population. 
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We filtered the common SNPs between South and North American populations using 

BCFtools isec (v1.9; Li et al. 2009). We then used SNPeff (v4.2; Cingolani et al. 2012) to 

characterise the effect on genes of individual SNPs based on their genomic sequence.  

Estimation of read counts from alternate social chromosome variants in 

heterozygous individuals 

Because the reference genome for S. invicta is based on an SB individual, read mapping 

could be biased towards the SB variant in heterozygous individuals, resulting in apparent 

overall expression of the reference variant (Castel et al. 2015). To overcome this potential 

artifact, we performed two alignments using STAR (with the same parameters as described 

in the ‘Generation of RNAseq data’ section): one with the regular SB reference genome and 

another with a modified reference genome in which we had replaced the fixed positions 

between variants in the supergene by those found in Sb. The modified Sb reference was 

generated using BCFtools consensus (v1.9; Li et al. 2009); this was done once for the North 

American and once for the South American population. The bam files from alignment to 

regular and to the modified reference were then merged together using SAMtools (v1.9; Li et 

al. 2009). Most reads will have been mapped to both references, and thus appear twice in 

the merged aligned file. These duplicates were removed randomly using rmdup from WASP 

(van de Geijn et al. 2015) to generate reference bias free alignment files.  

We obtained allele-specific counts using GATK’s ‘ASEReadCounter’ (v 3.6-0-g89b7209; 

McKenna et al. (2010), more information in Annex I, Text AI.4), using the fixed SNPs 

differences between Sb and SB. Both the Wurm et al. (2011) and Argentinian datasets were 

run independently in GATK. We imported the resulting variant-specific SNP read counts per 

sample into R (v3.4.4; R Core Team 2017). We then intersected the counts per SNP with the 

positions of genes using the R packages ‘GenomicRanges’ (v1.26.4; Lawrence et al. 2013) 

and ‘GenomicFeatures’ (v1.26.3; Lawrence et al. 2013) along with the NCBI protein-coding 

gene annotation for S. invicta (gnG assembly, release 100). The expression of long genes 

with several fixed SNPs between variants could be overestimated if the reads per SNP are 

counted individually. To avoid this, we estimated the total expression level for a particular 

allele (i.e. the SB or Sb variant for any given gene) as the median of all SNP-specific read 

counts per gene and per variant. For instance, take a given gene with 3 fixed SNPs between 

SB and Sb. The SB variants for these SNPs would have 12, 15 and 18 reads mapped, and 

the Sb variants, 5, 8 and 6. In this particular case, we would report that the SB variant for 

this particular gene has an expression level of 15 reads and the Sb variant, 6 reads.  
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Expression differences between the SB and Sb variants 

We imported the estimated read counts generated by Kallisto into R using Tximport (v1.2.0; 

Soneson et al. 2015) and DESeq2 (v1.14.1; Love et al. 2014). For subsequent allele-specific 

expression analyses we filtered out any gene that had less than 3 read counts mapping to 

either allele. Normalisation methods such as RPKMs could not be used in this case because 

our methods measured read counts aligning to either variant of each SNP. Additionally, due 

to the methodology used to obtain allele-specific expression, duplicate reads were removed 

from the RNAseq dataset, which results in an artificially low read count overall. As a result, 

normalisation methods based on the total size of the library vastly over-estimated allele-

specific expression levels. 

Because allele-specific counts come from the same libraries, the standard normalisation 

methods based on the assumption that most genes are not differentially expressed (Dillies et 

al. 2013) would artificially reduce real differences in allele expression. For this reason, as 

recommended by the developers of DESeq2 (Love, 2017), we deactivated normalisation by 

setting SizeFactors=1. For the Wurm et al. (2011) dataset, we only considered genes 

expressed in all samples for downstream analyses, whereas for the Argentinian populations 

RNA dataset, we only analysed genes expressed in all replicates in at least one of the body 

parts. 

To increase the robustness of the expression analyses between the SB and Sb variants of 

the supergene region, the RNAseq datasets from South American populations (extracted 

from the Argentinian dataset) and North American populations (from Wurm et al. (2011) we 

first analysed them together. The South American dataset includes body part information, 

which is absent in the North American dataset. If both datasets were analysed together with 

any of the standard tools for gene expression analysis, the effect in expression levels arising 

from different body parts would be confounded with that arising from differences between the 

two datasets. To overcome this issue, we performed a linear mixed effects model on the 

logarithm 2 of the fold change differences between SB and Sb across populations and body 

parts, using the R packages lme4 (v1.1-18.1; Bates et al. 2014) and lmerTest (v3.1-0; 

Kuznetsova et al. 2017). The aim of this model was to identify the expression differences 

between SB and Sb across the different datasets, accounting for the proportion of variance 

explained by body part and population. We fitted the logarithm 2 fold differences using a 0 

intercept with gene, population and their interaction as fixed effects, and the interaction 

between gene and body part as random effects. Additionally, the logarithm 2 fold differences 

were weighted by a function of the total read counts per gene. Here we only report the 
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results of the fixed effects per gene after adjustment of the p values using the Benjamini and 

Hochberg method (Benjamini & Hochberg 1995). For this joint analysis we only used the 

genes that had fixed differences between SB and Sb in both South and North American 

populations.  

We also analysed the differential expression of alleles at the supergene region in each 

population independently. This simpler design allowed us to use more standard tools for the 

allele-specific expression such as DESeq2 as suggested by Castel et al. (2015). More 

information in Annex I, Text AI.5.  

Expression differences between social forms 

We determined the expression levels for all samples from the Morandin et al. (2016) data by 

using the count mode in Kallisto (v0.44.0; Bray et al. 2016) using S. invicta coding 

sequences (gnG assembly, release 100) as a reference. We imported the estimated counts 

into DESeq2 (v1.14.1; Love et al. 2014) using Tximport (v1.2.0; Soneson et al. 2015). We 

compared the DESeq2 normalised expression levels between social forms, determining 

significance of differential expression using the default Wald test for pairwise comparisons 

between genes. For each caste we estimated the proportion of significantly differentially to 

non-differentially expressed genes within and outside the supergene region. The positions of 

all genes within the supergene region was obtained from (Pracana, Priyam, et al. 2017) and 

implemented using the R packages GenomicRanges and GenomicFeatures (Lawrence et al. 

2013). Out of the 15,058 genes present in the annotation file of S. invicta, 10,182 were 

reliably placed within or outside the supergene region. Only this subset of genes was 

analysed for testing the enrichment of socially biased loci in the supergene.  

Expression differences between variants and social forms 

To test whether loci significantly differentially expressed between the SB and Sb variants 

were also differentially expressed between social forms, we compared the differences 

identified between social forms (logarithmic fold differences using the Morandin et al. (2016) 

dataset) with the differences identified between social chromosome variants in the Wurm et 

al. (2011) dataset. We used a Kolmogorov-Smirnov test to compare the distributions of 

logarithm fold differences between the SB and Sb variants for the loci more highly expressed 

in queens from either single or multiple queen colonies. To ensure a balanced comparison, 

highly expressed genes in single queen colonies were defined as those in the top 50% of 

logarithmic fold differences for the comparison between social forms (and vice-versa for 
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genes highly expressed in queens from multiple queen colonies), where positive logarithmic 

fold differences values indicate high expression in individuals from single queen colonies. To 

test for a potential enrichment of SB bias genes when analysing genes with differences 

between variants but not between social forms, we performed a binomial test comparing the 

number of genes with higher expression in SB. Additionally, we tested whether the overall 

expression of these genes was biased towards SB by measuring the median log2 fold 

differences between variants. Genes with higher expression towards SB have positive log2 

fold differences. If there is an overall trend towards SB, the median of all genes with 

differences between variants only should be significantly different from 0. We tested the 

significant deviation from 0 through a Wilcoxon signed rank test. 

Finally, we also explored whether genes with low expression of their Sb allele showed 

increased expression of their SB allele, resulting in similar expression between multiple-

queen (SBSb genotype) and single-queen (SBSB genotype) individuals. Such a pattern 

would be consistent with an ongoing process of dosage compensation. To do so, we 

excluded genes with significant biases towards Sb and high SB/SBSb ratios (i.e. SB variant 

more highly expressed in SBSb than SBSB individuals). The rest of all analysed genes were 

then grouped by relative SB/Sb expression. We then compared the overall expression levels 

between these groups in multiple-queen and single-queen individuals. In case of 

mechanisms such as dosage compensation we would expect that the overall expression 

levels between social forms in each group should remain similar despite SB-Sb expression 

differences. 

Because the differences between social forms calculated from the Morandin et al. (2016) 

dataset were based only on North American populations, we did not repeat this comparison 

with the Argentinian dataset. As discussed above, both populations have different levels of 

genetic diversity, and the genes involved in social form differences are not necessarily the 

same. Comparing the expression differences between variants and social forms without 

accounting for the differences between the North and South American populations would 

result in confounding factors underlying the observed results. 
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Results 

Fixed differences between supergene variants 

In order to perform an analysis of the expression differences between supergene variants, 

we first identified SNPs which are different between variants and fixed in either SB or Sb 

across South and North American populations of S. invicta. We found that the two 

populations had 2,877 SNPs between variants in common.  

These variant-specific SNPs in common across populations affected 352 genes within the 

supergene region. The vast majority of SNPs fell in intronic regions (57.96%), only 3.43% of 

the variants affected exonic regions and 1.99% and 0.54% affected 3’ and 5’ UTR regions 

respectively. Of the variants that had an impact in coding sequences (222 in total), we found 

that slightly more SNPs Sb (52.25%) resulted in silent mutations, than in missense mutations 

(47.3%) and only one SNP resulted in a nonsense mutation (0.5%). 

In all, the vast majority of SNPs in Sb were predicted to have potential regulatory effects 

(96.56%), a few variants could disrupt protein effectiveness (1.51%) or instead, have limited 

or no impact on protein structure (1.91%). Only two Sb variants (0.45%) were predicted to 

have a high impact on protein function compared to SB. 

Within each population, we identified 3,129 of such differences in the South American 

populations (92% of which are in common with North American populations), and 25,899 in 

North American (11% of which are in common with South American populations). The 

greater number of fixed differences in North America is likely caused by the bottleneck 

during the introduction of this species in the 20th century, that led to a strong drop in genetic 

diversity (Ross & Shoemaker 2008). 
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Supergene variant-specific expression patterns 

Because the vast majority of coding sequences are intact in both variants of the supergene, 

we asked whether variant-specific expression biases may occur. For this, we obtained 

RNAseq gene expression data from SB/Sb individuals and identified fixed genetic 

differences between SB and Sb individuals. Specifically, we generated new individual-

specific RNA-seq data from whole bodies of SB/Sb workers and from abdomens, thoraces, 

and heads of virgin queens collected in South America and additionally, we analysed 

existing RNA-seq gene expression data from pools of whole bodies of SB/Sb queens 

collected in the USA (Wurm et al. 2011). We then used the genes with fixed differences 

between variants identified previously to estimate allele-specific expression differences 

between SB and Sb.  

Among the 352 genes with fixed differences between SB and Sb, 61 had sufficient 

expression for analysis of differences between alleles. Within populations, we found 69 such 

genes in the native South American range and 213 such genes in the invasive North 

American population. Most of the genes with variant-specific expression in South American 

populations (88.4%) were also found in the populations of the invasive range.  

We then tested whether any of the genes with fixed differences between SB and Sb in both 

populations showed differences in expression between variants. To do so, we ran a linear 

mixed effects using the RNAseq data from both South and North America. According to the 

model, 9 of the 61 genes had consistent allele-biased expression (Fig 2.1, Annex I, Table 

AI.3): the Sb variant was consistently more highly expressed for ‘pheromone-binding protein 

Gp-9/OBP3’ (LOC105194481), ‘retinol-binding protein pinta-like’ (LOC105199327), ‘NADH 

dehydrogenase’ (LOC105199789) and ‘uncharacterized gene’ (LOC105193135), while the 

SB variant was more highly expressed for ‘ejaculatory bulb-specific protein 3’ 

(LOC105199531), ‘carbohydrate sulfotransferase 11-like’ (LOC105193134), ‘calcium-

independent phospholipase A2-gamma’ (LOC105203065), ‘Tankyrase’ (LOC105193132) 

and ‘uncharacterized gene’ (LOC105199756). Four of these nine genes with variant-specific 

differences (Annex I, Table AI.3) also show differences between social forms: “pheromone-

binding protein Gp-9” (LOC105194481), ’retinol-binding protein pinta-like‘ (LOC105199327), 

‘NADH dehydrogenase’ (LOC105199789)  and ’ejaculatory bulb-specific protein 3‘ 

(LOC105199531) were all more highly expressed in queens from multiple-queen colonies 

than queens from single-queen colonies. These genes had respectively 20, 4, 1 and 3 fixed 

SNPs between SB and Sb in both South and North American populations. None of the SNPs 

were located in exonic regions and the vast majority of SNPs were predicted to have non-
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coding effects or effects unlikely to change protein behaviour. The only exception were 4 

variants in “pheromone-binding protein Gp-9”, which were predicted to have a potential 

effect in protein effectiveness. More details in Annex I, Fig AI.2.  

To potentially increase power by eliminating geographical structure in the data, we 

additionally analysed each population independently using a DESeq2-based approach 

(v1.14.1; Love et al. 2014). All of the 9 previously identified genes also showed allele-biased 

expression using this approach. We additionally identified 9 genes with allele-biased 

expression exclusive to the South American data (Fig 2.1), and 23 genes with allelle-biased 

expression differences exclusive to the North American data (Annex I, Fig AI.3). None of the 

genes with North American variant-specific variation had fixed differences in South American 

populations, and were therefore excluded from the joint analysis. Because the South 

American RNAseq data includes body part and caste information (head, thorax and 

abdomen in queens and whole body in workers), we tested whether differences in 

expression between SB and Sb varied across body parts and castes. We found no 

significant interaction effect for any of the genes (DESeq2’s Logarithmic Ratio Test adjusted 

p value > 0.05 for all genes analysed. Further in line with this, all pairwise comparisons 

between interaction terms had BH adjusted p values > 0.05 for all genes analysed). More 

details regarding the independent analyses are available in Annex I (Text AI.6, Table AI.4 

and Fig AI.3).  

The social supergene is enriched in socially biased loci in queens  

We identified which genes are differentially expressed between social forms (socially biased 

genes) and whether they are more common than expected in the supergene region. To do 

so, we compared RNAseq data from whole bodies of egg-laying queens from single and 

multiple-queen colonies (Morandin et al. 2016). 

We identified 426 socially biased genes (the complete list of genes is available in Online 

AnnexI at http://bit.ly/OnlineAI), from which we established chromosomal location for 343. 

Among these socially biased genes, genes in the supergene region were significantly 

overrepresented (Fig 2.2a, 33 out of 343 differentially expressed genes, 12 expected by 

chance, χ2 = 29.7, p value < 10-7). Additionally, we found that the vast majority of socially 

biased genes (400 out of 426, i.e. 94%) were more highly expressed in multiple-queen 

colonies than in single-queen colonies (binomial test, p value < 10-7, Fig 2.2b). We obtained 

independent confirmation of this result by comparing expression of queens from multiple-

queen colonies from another RNAseq dataset (Wurm et al. 2011) to those of queens from 

single queen colonies from Morandin et al. (2016) (Annex I, Text AI.7).  
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Loci with higher expression in Sb are also more highly expressed in 

queens from multiple-queen colonies. 

To better understand the potential evolutionary forces that may be shaping expression 

patterns within the social chromosome we performed a joint analysis comparing the results 

of differences in expression between variants (based on the Morandin et al. (2016) data) and 

between social forms (Wurm et al. 2011). Using expression as a proxy for benefit, under 

evolutionary conflict we expect that genes which Sb variant is more highly expressed to be 

also more highly expressed in multiple-queen individuals. On the other hand, we expect that 

if Sb is accumulating deleterious mutations, genes affected by deleterious Sb alleles will be 

downregulated in this variant (and therefore upregulated in SB) and will show no differences 

in expression between social forms due to dosage compensation.  

Figure 2.2. Distribution of the proportion of differentially expressed genes within 
(left bar) and outside (right bar) of the supergene region. Within each bar, ‘n’ 
indicates the total number of genes in which the proportions are based. a) 
differential expression between queens from single-queen and multiple-queen 
colonies. b) the proportion of significantly differentially expressed genes that are 
more highly expressed in multiple-queen colonies. The vast majority of genes 
with differential expression between social forms are more highly expressed in 
multiple-queen colonies. The proportion of genes being more highly expressed 
in multiple-queen colonies is similar within and outside the supergene. 

57



We found 8 genes with both allele-biased and socially-biased expression. There was a 

strong directional bias, where 5 of the genes were more highly expressed in Sb and in 

multiple-queen colonies (Fig 2.3d). This trend, however, was not significant after 

subsampling our dataset 1000x to equate the number of multiple-queen and single-queen 

biased genes. We also found that 14 genes were only differentially expressed between 

variants but not between social form (Fig 2.3c). Of these, 11 were more highly expressed in 

SB, a marginally non-significant difference (binomial test, p value = 0.057). The median fold 

difference between SB and Sb for these 14 genes, however, was 1.7, indicating significant 

bias in general expression towards SB (Wilcoxon signed rank test p value = 0.013). This 

pattern is consistent with ongoing mechanisms of dosage compensation arising from Sb 

degeneration, whereby the low expression of the Sb allele would be rescued by higher 

expression in SB. As a result, the expression level for these genes would be similar in both 

single-queen (SB/SB) and multiple-queen (SB/Sb) individuals. To further investigate this 

possibility, we compared the relative expression levels of the SB and Sb alleles in queens 

from multiple queen-colonies to the total expression of the genes in the supergene in either 

social form (Fig 2.4). The figure shows that as the differences between SB and Sb increase, 

the differences in expression between single-queen and multiple-queen individuals remain 

non-significant (Wilcoxon between the overall expression differences for each group of 

SB/Sb relative expression p value > 0.05).  

Most genes within the supergene showed no differential expression patterns. Out of the 202 

genes for which we had both social form and variant-specific gene expression information, 

171 (85%) showed no significant differences between social forms nor between variants (Fig 

2.3a), while 9 genes (4%) were only differentially expressed between social forms. The latter 

category of genes also showed a strong bias towards multiple-queen higher expression (Fig 

2.3b).  
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Discussion 

Sb expression patterns are consistent with adaptation to multiple-queen form  

Our results based on RNAseq data from queens of S. invicta from populations in the North 

American invasive range show patterns which are consistent with adaptive processes 

influencing the evolution of the social chromosome. We found that the supergene region is 

enriched in genes which are differentially expressed between social forms. Additionally, we 

show that genes that were more highly expressed in the Sb variant, tend to also be more 

highly expressed in queens from multiple-queen colonies, the phenotype with which this 

variant is fully linked. This is consistent with the idea that at least some alleles in the Sb 

variant are involved in defining the multiple-queen phenotype. If we take expression levels 

as a proxy for benefit, we should expect that the alleles which show differential expression 

between phenotypes within the supergene variant that spends more time in a given 

phenotype should be more highly expressed in that phenotype. Our results show these 

same expression patterns in the S. invicta supergene, expected to emerge from evolutionary 

conflict. These patterns are analogous to those seen in other supergene systems (e.g. Sun 

et al. 2018) in general, and sex chromosomes in particular (Wright et al. 2017; Ellegren & 

Parsch 2007; Lipinska et al. 2015). 

We do not find, however, a similar enrichment for SB expression in single-queen colonies. A 

potential explanation for this could be linked to the complex selective pressures at play in 

SB. Because Sb is only found in multiple-queen colonies, selection would always push 

towards the multiple-queen optimum in Sb. The selective forces acting on SB, however, are 

more complex to predict because this variant spends a variable amount of time in both 

phenotypes. To make matters more complex, the selective pressures will also act during the 

long haploid phase of the reproductive cycle of ants (Hall & Goodisman 2012). Similarly to 

what happens in some X chromosomes in XY systems (Patten 2019), we do not necessarily 

expect SB to be enriched in single-queen colony alleles. 

It is also important to note that there is a strong expression bias towards queens from 

multiple-queen colonies, in general, we find that genes which are differentially expressed 

between social forms are more highly expressed in queens from multiple-queen colonies. 

This bias in expression could be making it difficult to detect a pattern in SB similar to that 

found in Sb, simply because there are not enough single-queen biased genes to make the 

pattern detectable. Indeed, after subsampling 1000x we did not find any enrichment in Sb 

compared to SB, which is consistent with a lack of power to detect SB enrichment of single-

queen colony biased genes. 
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Figure 2.3. Distribution of loci showing different patterns of expression. The density plots represent 

the number of loci showing each pattern of expression. The X-axis of each plot gives the ratio of a 

locus’s expression in SBSb queens relative to SBSB queens (log scale). The Y-axis gives the ratio of 

that locus’s expression of Sb alleles relative to SB (in SBSb queens). Panel a) summarizes the results 

from loci showing no significant difference in either ratio, which therefore cluster around the (0,0) 

origin. The remaining three panels summarise the patterns for other loci: b) those loci only showing 

significant differences between queens (i.e. SBSb vs SBSB); c) those loci only showing differences 

between alleles (i.e. SB vs Sb); d) loci showing both types of bias. Notice that in each of panels b, c 

and d there is an unequal distribution of loci on either side of the origin. The higher density in the 

lower-right quadrant of panel d illustrates a pattern in which loci that show high relative expression of 

the Sb allele in heterozygotes (x > 0) tend to be more highly expressed in queens from multiple-queen 

colonies (y < 0). This pattern, however, could not be replicated after subsampling the number of 

multiple-queen biased genes 1000x, which suggest that this study is under-powered to detect a 

similar enrichment of multiple-queen biased genes in SB  Comparisons between expression levels in 

queens were made using data from (Wurm et al. 2011) and (Morandin et al. 2016); the allelic 

expression are reported for the first time in this paper. 
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Expression patterns are consistent with markers of non-adaptive 

processes 

We generated a new RNAseq dataset with different body parts of queens and whole-body 

workers from the native South American range of S. invicta to compare variant-specific 

expression in the supergene across different populations, body parts and castes. The 

patterns we found here suggest that most expression patterns within the supergene are 

driven by processes arising from the lack of recombination. If the Sb alleles were performing 

overall functions fundamentally different than its SB counterpart, we would expect high levels 

of differential expression between variants. In addition, those expression differences 

between variants should be different across body parts and castes.  

Within the South American population, we find that the vast majority of genes do not show 

differential expression between supergene variants. Additionally, we find that the few genes 

being differentially expressed between variants, show the same patterns of expression 

across body parts and castes. Similar results have been found in other supergene systems 

(e.g. Sun et al. 2018). Allele-specific expression is expected to vary across body parts (The 

GTEx Consortium 2015). This pattern could indicate that most of the expression differences 

observed between SB and Sb are due to the low diversity of the genetic environment in the 

supergene region. Consequently, most expression differences observed between supergene 

variants would not necessarily play an active role in defining the phenotype with which the 

supergene is linked, in this case, social form.  

To further this argument, we also find many more differences between variants in the North 

American populations of S. invicta than in the Southern ones. This is because for our 

analyses we only took into account genes with fixed differences between SB and Sb, and 

since genetic diversity is lower in North American populations (Ahrens et al. 2005), we found 

more genes with fixed differences between variants in those populations. Most of the 

significant differences between variants in North American populations affected genes that 

do not have fixed differences in South American populations. This indicates that genes with 

expression differences between variants only in North America are not necessary to explain 

differences in social forms.  

From these results, we conclude that many of the expression differences that we observed 

between variants may have been caused by factors arising from the lack of recombination in 

Sb, that are not necessarily involved in defining social phenotype. For instance, in addition to 

the expression data, we also find that of all the fixed mutations between SB and Sb, roughly 
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half are silent (synonymous) and half are missense/nonsense (non-synonymous). This 

finding is in line with the increased ratio of non-synonymous to synonymous mutations in the 

supergene region relative to the rest of the genome reported by (Pracana, Priyam, et al. 

2017). Additionally, Sb is enriched in transposable elements and other repetitive elements 

due to inefficient purifying selection (Stolle et al. 2019). New insertions in the promoter 

regions of the Sb variant could cause changes in expression levels of any Sb allele (Cowley 

& Oakey 2013). The change in expression could then be maintained even if it had mildly 

deleterious fitness effects in Muller’s ratchet-type of process (Bachtrog 2013). 

Expression patterns are consistent with dosage compensation in 

degenerating Sb alleles 

Variant-specific differences in expression between loci within the supergene could also be 

explained by some form of dosage compensation. Inefficient purifying selection can result in 

an accumulation of deleterious mutations in the alleles trapped in the Sb variant. Indeed, 

higher levels of non-synonymous mutations have been reported in Sb (Pracana, Priyam, et 

al. 2017) and would be, consequently, downregulated. If those particular genes need to be 

expressed to a specific level (e.g. housekeeping genes), the ‘healthy’ alleles in SB for those 

genes would compensate for the lack of Sb expression. We therefore explored the possibility 

of dosage compensation in the Sb variant at a gene by gene level, as seen in other young 

supergene systems (Nozawa et al. 2014; Alekseyenko et al. 2013; Sun et al. 2018). Many of 

the genes in Sb seem to be accumulating deleterious mutations (in coding and/or regulatory 

regions) (Pracana, Priyam, et al. 2017). We found that most genes with differences between 

variants that do not show expression differences between social forms tend to be more 

highly expressed in SB. That is, whenever we find differences between variants in 

heterozygote individuals, the total dosage level for those particular genes is similar to 

homozygote individuals. In most cases, those genes have an SB-biased expression. This 

does not necessarily mean that all the genes with higher expression in SB are affected by 

dosage compensation, but it indicates that most of them are affected, as to result in a bias 

for the overall expression patterns in the social chromosome. Additionally, we found that, 

overall, changes in the ratio of expression between the SB and Sb variants does not result in 

differences in expression between social form, further supporting the notion of dosage 

compensation acting on degrading Sb alleles. This finding is similar to that found in other 

supergene systems in very different organisms such as the dioecious plant Silene latifolia 

(Muyle et al., 2012). 
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Figure 2.4. Expression differences between single-queen (red bars) and multiple-queen (purple bars) 
individuals for different levels of SB (green bars) to Sb (blue bars) expression in multiple-queens. The 
plot represents the overall expression levels for all genes analysed in the supergene for which there 
was both allele-specific and social form expression data. Genes with significant expression biases 
towards Sb or with a high SB/SBSb ratio were treated as outliers and removed. As a result, 193 
genes in total were included in this analysis. Each bar represents the median normalised expression 
within group, the error bars are the 95% CI interval around the median (estimated from a 5000x 
median bootstrapping). The expression levels within each expression group (Single-queens, multiple-
queens, SB and Sb expression) is normalised by the total number of reads in that group. This 
normalisation allows the comparison across different datasets with different levels.  The differences in 
expression between single-queen and multiple-queen individuals remains non-significant (Wilcox test 
p value > 0.05) across varying levels of SB-Sb expression differences. Only when Sb expression is 
much larger than that of SB (Sb/SB expression ratio > 1.5) does it seem to be an increase in gene 
expression for multiple-queen individuals, but the difference between social forms remained non-
significant (Wilcox test p value = 0.08). These results are consistent with SB expression 
compensating for low Sb expression. 
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Candidate genes for differences between social forms  

We have hypothesised that most expression differences observed between the SB and Sb 

variants of the S. invicta supergene are not necessarily linked to differences in social form, 

while acknowledging at the same time that some of the expression differences are likely to 

be playing a role in social polymorphism. Hypothesising which genes and exactly which role 

they are playing in the definition of social form is beyond the scope of this study, but based 

on our results we can single out candidate genes that may be involved in the social 

polymorphism of S. invicta. We found seven genes with variant-specific gene expression 

differences in both South and North American populations. As we have seen above, these 

differences in expression are not sufficient to link those genes to differences in social form. 

We find that three such genes are also differentially expressed between social forms in 

North American populations, which adds another layer of evidence pointing at a potential 

role in social form differences for these genes. Namely, “pheromone-binding protein Gp-9”, 

“ejaculatory bulb-specific protein 3” and “retinol-binding protein pinta-like”. “Pheromone-

binding protein Gp-9” was one of the first genetic markers used to identify multiple- or single-

queen colonies in S. invicta (Ross 1997). It has been identified as an odorant binding 

protein, more specifically, OBP-3 (Pracana, Levantis, et al. 2017). This makes it an 

interesting candidate, since its link with social form as a green-beard gene has been 

hypothesised for decades (Keller & Ross 1998), particularly due to its function as odorant 

protein, which could play a role in ant behaviour at the colony level (Trible et al. 2017). We 

found 20 fixed differences between SB and Sb for this gene, 4 of which could have an 

impact on protein efficiency, and 15 with a potential effect on its regulation. “Ejaculatory 

bulb-specific protein 3” is more highly expressed in SB, it is also identified as an insect 

odorant binding protein (InterPro id IPR005055). It has been associated with several 

functions in Drosophila melanogaster including mating (Laturney & Billeter 2014) or viral 

response (Sabatier et al. 2003). It has also been linked to sexual behaviour in the moth 

Mamestra brassica (Bohbot et al. 1998), subcaste differences in the bumblebee Bombus 

impatiens (Wolschin et al. 2012), venom production in social hornets (Yoon et al. 2015) and 

caste differences in the termite Reticulitermes flavipes (Steller et al. 2010). We found 3 fixed 

differences between SB and Sb for this gene, one of which is in the 3’ end UTR, with a 

potential effect on gene regulation. NADH-dehydrogenase plays a role in electron transport, 

and, consequently, in regulating metabolic rates. We found 1 fixed difference between 

variants for this gene. Finally, “ retinol-binding protein pinta-like” is similar to the PINTA 

retinol-binding protein, which is linked to pigment transport and vision in D.melanogaster and 

the butterfly Papilio xuthus (Pelosi et al. 2018). Interestingly, nearly all genes that we 
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identified as potential candidates are involved in environmental perception, and at least one 

of them has been linked to caste differences in other social insects. We found 4 fixed 

differences between variants for this gene, almost all of which are predicted to impact gene 

regulation. 

Conclusions 

We analysed RNAseq data from different populations, castes and body parts of the fire ant 

Solenopsis invicta. We found that evolutionary conflict accounts for part of the expression 

patterns observed within the supergene region. Specifically, 1) an enrichment on genes 

differentially expressed between social form within the supergene region and 2) an 

enrichment in the Sb variant of genes more highly expressed in multiple-queen colony 

queens. We also find, however, that most expression patterns within the social chromosome 

are most likely due to non-adaptive processes due to suppressed recombination. We reach 

this conclusion because 1) most genes are not differentially expressed between variants, 2) 

the few genes that show variant-specific differential expression tend to not be involved in 

social form differences, and such genes are 3) more frequently highly expressed in SB, 

suggesting gene-specific dosage compensation is at play, additionally, 4) many genes 

displaying variant-specific expression in North America do not have fixed differences 

between SB and Sb in South American populations. Overall, these results show that 

evolutionary conflict is likely to have driven the suppression of recombination initially, but that 

non-adaptive processes are responsible for most of the expression patterns observed.  
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Chapter 3: A fluctuating gene flow 

between discrete phenotypes is likely 

to have maintained the emergence of a 

supergene 
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Abstract 

The occurrence of several discrete multi-trait phenotypes in a population (complex stable 

polymorphisms) is a widespread phenomenon in several organisms. On several occasions, 

the differences between such complex phenotypes are maintained by supergenes. 

Supergenes are low recombination regions of the genome that maintain tight linkage 

between two or more loci underlying a complex phenotype. These regions are able to 

prevent the independent spread of alleles co-adapted to a specific genetic and ecological 

environment. There are two main evolutionary processes that could result in selection 

favouring low recombination between loci, leading ultimately to the emergence of 

supergenes. Namely, antagonistic selection and gene flow between locally adapted 

populations. It is not well understood the relative role each may be playing in the emergence 

of supergenes. Here I model the spread of alleles with different fitness effects in different 

phenotypes. The model simulates the spread of such alleles under different scenarios of 

antagonistic selection and gene flow between phenotypes. I use the life history traits of the 

fire ant Solenopsis invicta to parametrise the model. This ant species has two types of social 

organisation: colonies can either have one or multiple queens. This difference in social 

organisation affects the behavioural and physiological features of the whole colony at is 

controlled by a supergene. The supergene of S. invicta is likely to be subjected to both 

antagonistic selection and the effects of gene flow between phenotypes, which makes it a 

relevant model to explore the relative effects of these processes in supergene evolution. The 

results of the model show that gene flow is very likely the key factor explaining the 

emergence of the supergene in S. invicta. These results shed light on the dynamics of 

supergene evolution in particular and local adaptation with gene flow in general. 
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Introduction 

The presence of multiple discrete phenotypes in a population is relatively common in the tree 

of life. The most widespread example is perhaps sexual dimorphism, which can be found in 

one way or another in groups as diverse as animals (e.g. Shine 1989; Dunn et al. 2001; 

Desjardins & Fernald 2009), plants (e.g. Sakai & Weller 1999; Barrett & Hough 2013) or 

algae (e.g Lipinska et al. 2015; Nozaki 1996). There are also many examples within specific 

groups in which discrete differences in morphology and/or behaviour coexist within the same 

population. For instance, the switch from solitary to swarming behaviour in locusts (reviewed 

in Simpson et al. 1999), migratory and sedentary behaviours in the rainbow trout 

(Zimmerman & Reeves 2000; Hecht et al. 2013) or different morphs of males in the ruff 

(Widemo 1998) amongst numerous other examples.  

In many cases, a trait that could result in an adaptive advantage for one of the phenotypes, 

results in detrimental effects for other phenotypes in the population. For instance, in 

Drosophila melanogaster, males seek to mate as much as possible. Mating, however, has a 

fitness cost in females, mediated through proteins in the seminal fluid. These proteins 

increase egg production in females and destroy sperm from other males, but it decreases 

female lifespan (Chapman et al. 1995). Such cases of competing evolutionary pressures 

between sexual phenotypes are known as sexual conflict (Chapman et al. 2003). Sexual 

conflict is a particular case of evolutionary conflict, which can be extended to any cases 

where several discrete phenotypes coexist in a population. At the molecular level, 

evolutionary conflict also impacts the genome, because if alternative phenotypes exist in the 

same population, they often share most, if not all, of their genome. The group of processes 

that reflect evolutionary conflict in the genome are known as genomic conflict (Hurst 1992). 

Genomic conflict can result in instances where, for example, several alleles co-adapted to a 

specific phenotype spread separately due to recombination, resulting in potential allelic 

incompatibilities within the same genome. It has been hypothesised that instances of 

genomic conflict may have led in several cases to selection for low recombination between 

co-adapted loci, resulting in low recombination regions of the genome linking co-adapted 

alleles. These low recombination regions are known as supergenes, and they are linked to 

several cases of stable polymorphisms within a population (Thompson & Jiggins 2014). 

Theory predicts that once a low recombination region linked to a specific phenotype has 

emerged, selection will favour additional conflicting loci to become linked to such region, 

resulting in the growth of the supergene region, with several phenotype-specific alleles 

linked to it (Charlesworth 2016). This theoretical framework would explain, for instance, the 

enrichment of sexually biased loci in many sex chromosomes (Mank 2017). This idea has 
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been challenged more recently in light of the evidence supporting the expansion of 

supergene regions without apparent addition of conflicting loci. Supergene expansion would, 

instead, depend on processes emerging from the lack of recombination (Branco et al. 2018; 

Dufresnes et al. 2015). These ideas are not, however, mutually exclusive and, in fact, are 

likely to be acting in conjunction (as the results from the previous chapter suggest). In either 

case, evolutionary conflict seems to be a key factor in supergene evolution.  

A particular case where evolutionary conflict is likely to arise is that of local adaptation with 

gene flow. These are scenarios where several populations are locally adapted to their 

specific environment, but they are all connected by gene flow. As a consequence, alleles 

which are adapted to a specific ecological and genetic environment can enter a population 

where they would be maladaptive. Such a scenario would favour a linked group of genes 

with a set of alleles co-adapted to a specific environment (Kirkpatrick & Barton 2006). This 

type of selection is thought to be the evolutionary process taking place in Atlantic cod 

(Gadus morhua) populations. This species lives along the Atlantic coast of North America, a 

broad range that includes many diverse ecotypes. There is intense gene flow between their 

populations, and yet each population needs specific physiological and behavioural 

adaptations for their particular ecotype. A large proportion of the total genetic divergence 

between populations are localised in diversity islands of tightly linked genes within a number 

of inversions (Barney et al. 2017; Hemmer-Hansen et al. 2013). Additionally, many of the 

genes associated with local adaptations are localised in these inversions (Clucas et al. 2019) 

in what could be considered as a putative supergene. 

Both antagonism between discrete phenotypes in a population and gene flow between 

locally adapted populations, are thus likely to lead to evolutionary conflict. Evolutionary 

conflict can, in turn, lead to the formation of supergenes under specific circumstances. More 

precisely, the emergence of supergenes would be limited to cases where the antagonistic 

loci are initially under some form of prior linkage. For instance, genes which are in close 

physical proximity in the genome (Charlesworth & Charlesworth 1975). It is important to note 

that antagonism between phenotypes and gene flow in the context of local adaptation are 

not necessarily mutually exclusive processes, and could (and almost certainly do) act at the 

same time, under different conditions. The relevant question then is not which of these 

processes underlies the spread of antagonistic alleles, but rather under which circumstances 

either of these processes plays a relatively more important role.  

One way of answering this question is to focus on genes under intralocus evolutionary 

conflict. That is, genes with alleles having different fitness effects depending on the 

phenotype in which they are expressed (for a review with examples on sexual conflict, see 
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(Bonduriansky & Chenoweth 2009). Genes under intralocus evolutionary conflict are easier 

to study than entire antagonistic traits. This is because whole traits, tend to be encoded by 

several genes which are likely to interact with each other. These interactions make it more 

difficult to predict how allele frequencies may change through time and vary between 

different phenotypes. The frequencies of different alleles for a single locus, however, are 

easier to predict and to measure. Carrying out experiments to assess the relative roles of 

different evolutionary processes in the spread of antagonistic alleles is hard, especially 

because specific antagonistic alleles are rarely identified outside model organisms such as 

D. melanogaster (e.g. Innocenti & Morrow 2010). Evolution would need to be measured in 

real time in several populations under different conditions of gene flow and selection. 

Instead, statistical models using parameters measured in natural populations can be used as 

tools to simulate different evolutionary scenarios and their impacts in allele frequencies.  

Such models have been used before to explore the spread of antagonistic alleles in sex 

determination systems. For instance, Veltsos et al. (2008) used an analytical approach to 

determine how and when sexually antagonistic alleles may spread in a population with and 

without a new sex chromosome. Models of sex determination describe a system in which 

gene flow between phenotypes is constant. The role of different types of gene flow between 

phenotypes for the spread of antagonistic alleles remains understudied. 
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Figure 3.1: Schematic representation of the gene flow between social forms. Single 
queen colonies produce two types of gametes, male gametes carrying the SB variant 
(♂SBsingle) and female gametes carrying the SB variant (♀SBsingle). Multiple-queen 
colonies produce four types of gametes, male gametes carrying the SB (♂SBmulti) or Sb 
(♂Sbmulti) variant and females carrying the SB (♀SBmulti) or Sb variant (♀Sbmulti). The 
thickness of the arrows represents the relative proportions of each of those gametes in 
the population. That proportion is controlled in the model by the parameters mqbias, 
bbsuc, singlr and sexr, all defined in the box below.    
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Here I model the spread of antagonistic alleles in a population of the fire ant Solenopsis 

invicta with two discrete phenotypes linked to a supergene and under different regimes of 

gene flow. S. invicta is a good model to study the relative effects of gene flow and 

evolutionary conflict in the spread of antagonistic alleles. Throughout this chapter, as 

described in the introduction to this thesis, I will consider the colony as the level of selection. 

Based on the idea of kin selection (Hamilton, 1964a, Hamilton, 1964b), because all 

individuals of the same colony will be highly related, selection should act in the same way 

throughout the colony. As a result, a single colony can be considered as a selection unit. 

This species has two colony-level phenotypes, multiple and single-queen colonies, linked to 

a supergene with two variants SB and Sb. This system can therefore be explored to study 

the effects of antagonistic alleles with and without linkage to a supergene haplotype. In 

addition, the gene flow between social forms is not necessarily constant, nor unidirectional 

(Fig 3.1). That is, depending on several factors such as the differences in the fitness of 

males carrying either variant of the supergene or the culling of specific genotypes (reviewed 

in Chapter 1), gene flow between colony types can vary substantially.  

The model described here will quantify how an antagonistic allele spreads as a function of 

the magnitude of the intensity of selection and gene flow. Because antagonistic alleles can 

exist with and without linkage to a supergene, the model also tests the effect of linkage 

under different gene flow scenarios. 

The parameters used to characterise the modelled populations of S. invicta are taken from 

empirical data extracted from natural populations. The results of these simulations show that 

gene flow has a strong impact on the outcome of the spread of antagonistic alleles. We 

suggest that selection for linkage of antagonistic loci may have emerged as a mechanism to 

buffer the impact of variable gene flows between social forms.  
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Methods 

The model simulates the changes in allele frequency at a single locus with two alleles in a 

population of S. invicta with both single and multiple-queen colonies. The alleles of the focal 

locus have fitness effects that differ between single- and multiple-queen colonies. 

Simulations were run for a locus linked to the supergene, and repeated for an unlinked 

locus. Because the supergene determines the phenotype of the colony (single or multiple 

queen), linkage to the supergene modifies the proportion of time that each allele spends in 

each social form.  

The model is not spatially explicit and is deterministic, hence neglecting the effects of 

genetic drift.  

Modelling allele frequency changes in S. invicta 

The alleles at the focal locus were designated ‘c’ and ‘d’. The model is represented in Fig 

3.2. It assumes that a first round of selection acts at the level of the colony. This selection 

causes changes in allele frequencies calculated using the standard model for selection in 

diploids (Hartl et al. 2007) reflecting the genotype of the queen. Because the focal locus has 

two alleles, there are three possible genotypes: homozygotes ‘cc’ and ‘dd’ and 

heterozygotes ‘cd’. Each genotype has a fitness effect (⍵) associated with it. The average 

fitness (𝜛) of the population at a given time t depends on the frequencies of each allele (p 

for the frequency of allele ‘c’ and q for allele ‘d’, where 𝑝  1 𝑞) and on the fitness effects 

of each genotype, such that: 

 

(I)  𝜛 𝑝²𝜔   2𝑝𝑞𝜔   𝑞²𝜔   

 

The change in frequency of allele ‘c’ in time t+1 (p’) depends on the fitness effect of that 

particular allele relative to the average fitness, such that after selection the allele frequency 

is:  

 

(II) 𝑝′  ²      

 

The fitness parameters in (I) and (II) depend on the colony phenotype (single or multiple-

queen). The relative proportion of each colony phenotype in the population is fixed and 

controlled by the parameter singlr, that is, the proportion of single-queen colonies in the 
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population. The total changes in allele frequencies in the population are calculated based on 

the phenotype-specific ones and the relative proportion of each social form such that: 

 

(III) 𝑝′  𝑠𝑖𝑛𝑔𝑙𝑟 𝑝′  1 𝑠𝑖𝑛𝑔𝑙𝑟  𝑝′  

 

The model also takes into account the potentially asymmetric gene flow between social 

forms. The contribution of each colony type and the allele frequencies are changed by a 

second round of selection affecting the multiple queen colonies, determined by the 

parameters sexr, dipl, bbsuc and mqbias.  

Selection on males 

The fitness of multiple-queen colonies is reduced by the occurrence of diploid males 

(Tschinkel 2006). These males do not reproduce and therefore do not contribute to the gene 

pool of the next generation. The parameter dipl represents the proportion of diploid males in 

the multiple-queen populations, so the effective production of males is (1-dipl)(1-sexr); sexr 

being the (female) sex ratio in single-queen colonies. In addition, two effects modify the 

relative contribution of Sb males: they are less efficient at fertilising queens but, on the other 

hand, SB males may be culled before emergence (Fritz et al. 2006) The combined effect is 

quantified by a parameter giving the proportion of fertilizations by Sb males, bbsul. 

Selection on queens 

Selection in multiple-queen colonies also acts on the production of new queens. A large 

proportion contain the the Sb allele (DeHeer 2002). At least two factors contribute to this 

bias: they are likely to be killed if they are homozygous for the SB variant of the supergene 

(Keller & Ross 1998); additionally, eggs carrying the Sb allele are more likely to become 

queens (Buechel et al. 2014). The parameter mqbias ∈ [0,1] quantifies this effect: if mqbias 

= 0, multiple-colonies produce only SB/Sb queens; if mqbias = 1, they produce a 50-50 

proportion of each queen genotype.  

Recurrence equations 

The core of the model comprises of five variables recording the relative frequency of the key 

types of gamete. These frequencies are written px where the subscript x descriminates 

between single (sing) and multiple-queen (multi) colonies, sex, and in the case of female 

gametes, the Sb/Sb genotype: multi♂, multiSb♀, multiSB♀ sing♂ and sing♀.  
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Only queens which are homozygote SB for the supergene and males carrying the SB variant 

contribute to the next generation of single-queen colonies. The first step in obtaining the 

frequency of the c allele after selection is to calculate the mean fitness based on equation (I):  

 

(IV) 

𝑐𝑐 𝑝𝑠𝑖𝑛𝑔 𝑝 𝑏𝑏𝑠𝑢𝑐 𝑝 𝑝 𝑏𝑏𝑠𝑢𝑐 𝑝 𝑝  𝑝 𝑝  

𝑐𝑑𝑠𝑖𝑛𝑔 𝑝 𝑞 𝑏𝑏𝑠𝑢𝑐 𝑝 𝑞 𝑏𝑏𝑠𝑢𝑐 𝑝 𝑞  𝑞 𝑝   

           𝑞𝑠𝑖𝑛𝑔 𝑝 𝑏𝑏𝑠𝑢𝑐 𝑞 𝑝 𝑏𝑏𝑠𝑢𝑐 𝑞 𝑝  𝑝 𝑞    

𝑑𝑑 𝑞 𝑞 𝑏𝑏𝑠𝑢𝑐 𝑞 𝑞 𝑏𝑏𝑠𝑢𝑐 𝑞 𝑞  𝑞 𝑞   

 

𝜛  𝑐𝑐  𝑐𝑑  𝑑𝑑  

 

The change in allele frequency for allele ‘c’ in the next generation for single queen colonies 

(p’sing) is then calculated similarly to (II): 

 

(V) 𝑝𝑠𝑖𝑛𝑔′  
 .     

 

In multiple-queen colonies, queens carrying the Sb allele would produce a multiple-queen 

offspring regardless of the genotype of the male they would mate with, because males are 

haploid. Their offspring would, therefore, always be heterozygote SB/Sb or homozygote 

Sb/Sb. The only SB/SB queens that could form multiple-queen colonies would be those 

mating with Sb males. Using the same parameters as in IV to account for the relative 

proportion of Sb males and SB/SB queens from multiple-queen colonies, the changes in 

allele frequencies in multiple-queen colonies would therefore be calculated as follows:  

 

(VI) 

𝑐𝑐𝑚𝑢𝑙𝑡𝑖 𝑝 𝑝 𝑝 𝑝 1 𝑏𝑏𝑠𝑢𝑐 𝑝 𝑝 𝑝 𝑝   

𝑐𝑑 𝑝 𝑞 𝑝 𝑞 1 𝑏𝑏𝑠𝑢𝑐 𝑝 𝑞 𝑝 𝑞          

              𝑞𝑠𝑖𝑛𝑔 𝑝
𝑚𝑢𝑙𝑡𝑖𝑆𝑏

𝑞𝑚𝑢𝑙𝑡𝑖 𝑝𝑚𝑢𝑙𝑡𝑖𝑆𝑏 1 𝑏𝑏𝑠𝑢𝑐 𝑞𝑚𝑢𝑙𝑡𝑖 𝑝
𝑚𝑢𝑙𝑡𝑖𝑆𝐵

𝑞𝑚𝑢𝑙𝑡𝑖 𝑝
𝑠𝑖𝑛𝑔

   

𝑑𝑑 𝑞 𝑞 𝑞 𝑞 1 𝑏𝑏𝑠𝑢𝑐 𝑞 𝑞 𝑞 𝑞   

 

𝜛  𝑐𝑐  𝑐𝑑  𝑑𝑑  
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(VII) 

𝑝 ′  
𝑐𝑐𝑚𝑢𝑙𝑡𝑖𝜔  0.5  𝑐𝑑 𝜔  

𝜛
 

 

Note that, for the sake of simplicity, this model does not account for the lethality of Sb/Sb 

queens.  

Once the change in frequencies has been calculated in both phenotypes, the overall allele 

frequencies in the population is calculated using (III). The equations above do not account 

for linkage. Linkage was added following the method used in a similar method in (Veltsos et 

al. 2008), where the authors modelled the spread of an antagonistic allele linked to sex 

chromosomes in a population with sexual dimorphism. Linkage is added by partitioning the 

frequencies of the alleles in the focal locus between phenotypes and variants. In this case, 

the frequencies of alleles ‘c’ and ‘d’ need to be partitioned further between Sb (pSb for allele 

‘c’ and qSb for allele ‘d’) and SB in multiple (pmultiSB for allele ‘c’ and qmultiSB for allele ‘d’) and 

single (psingSB for allele ‘c’ and qsingSB for allele ‘d’) queen colonies.  

In this model, the frequencies for each gamete are calculated taking into account the same 

parameters described above affecting the gene flow between phenotypes. In this case, 

however, 6 instead of 4 gametes need to be explicitly modelled per allele: SB in males and 

queens from either multiple or single-queen colonies and Sb in males and queens from 

multiple-queen colonies, represented in the model as SBmulti♂, SBmulti♀, SBsing♂, 

SBsing♀, Sb♂and Sb♀ respectively. Changes in allele frequencies for each partition in t+1 

are then calculated using variations of (II) to account for the fact that each new colony needs 

to be formed by a queen and a male gamete from the right genotype. The average fitness is 

calculated independently for multiple (𝜛 ) and single-queen colonies (𝜛 ): 

 

(VIII) 

𝑐𝑐 𝑝 𝑝 𝑝 𝑝 𝑝 𝑝 𝑝 𝑝  

𝑐𝑑 𝑝 𝑞 𝑝 𝑞 𝑝 𝑞 𝑝 𝑞  

            𝑞 𝑝 𝑞 𝑝 𝑞 𝑝 𝑞 𝑝  

𝑑𝑑 𝑞 𝑞 𝑞 𝑞 𝑞 𝑞 𝑞 𝑞  

 

𝜛  𝑐𝑐  𝑐𝑑  𝑑𝑑  
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(IX) 

 

𝑐𝑐 𝑝 𝑝 𝑝 𝑝 𝑚𝑞𝑏𝑖𝑎𝑠 𝑝 𝑝  𝑝 𝑝  

𝑐𝑑 𝑝 𝑞 𝑝 𝑞 𝑚𝑞𝑏𝑖𝑎𝑠 𝑝 𝑞  𝑝 𝑞  

           𝑞 𝑝 𝑞 𝑝 𝑚𝑞𝑏𝑖𝑎𝑠 𝑞 𝑝  𝑞 𝑝  

𝑑𝑑 𝑞 𝑞 𝑞 𝑞 𝑚𝑞𝑏𝑖𝑎𝑠 𝑞 𝑞  𝑞 𝑞  

 

𝜛  𝑐𝑐  𝑐𝑑  𝑑𝑑  

 

Note that, in this case, SbSb individuals are not considered, as they are assumed in the 

model to have no impact over evolutionary time. The change in ‘c’ allele frequencies for 

alleles linked to SB in single-queen colonies (p’SBsing) is then calculated as in (V). For 

multiple-queen colonies, on the other hand, two changes in allele frequencies ‘c’ need to be 

calculated, one for Sb (p’Sb) and another for SB (p’SBmulti), both using 𝜛 . To calculate 

these parameters, only the variant with allele ‘c’ has to be considered, so that: 

 

(X)  

𝑝′   
𝑐𝑐 𝜔  𝑞 𝑝 𝑝 𝑞 𝑝 𝑞 𝑝 𝑞 𝜔  

𝜛
 

 

𝑝 ′  
𝑐𝑐 𝜔  𝑝 𝑞 𝑞 𝑝 𝑞 𝑝 𝑝 𝑞 𝜔  

𝜛
 

 

Once each partition of the changes in frequency of allele ‘c’ are calculated, they are added 

together by calculating first the overall frequency in SB (p’SB), using the proportions of each 

phenotype in the population. Single-queen colonies have two copies of SB, and multiple-

queen colonies only one, so to calculate the overall frequency in SB: 

 

(XI) 𝑝′
  

𝑝′
  

𝑝′  

 

Similarly, the calculation of the overall change in allele frequency in the population (p’) needs 

to take into account the proportions of each colony. Additionally, SB is present twice in 

single-queen colonies, but SB and Sb only once in multiple-queen colonies, so that: 

 

(XII) 𝑝′ 
 

𝑝′ 𝑝′𝑆𝑏  
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It is important to note that this model does not simulate the evolution of linkage. Instead, 

linkage is assumed to be already present in the population, and fully associated to social 

form (for the theoretical framework regarding the circumstances of linkage evolution in the 

context of evolutionary conflict: (Charlesworth & Charlesworth 1975; Charlesworth & 

Charlesworth 1979; Turner 1967). 

Simulations and input values 

The models described above were run with a set of specific parameters to explore different 

scenarios of gene flow with and without linkage. The parameters sexr and singlr were left 

constant at 0.5. That is, in all simulations the assumption is that there are the same 

proportion of queens and males and the same proportion of single and multiple-queen 

colonies in the population. The former assumption is not necessarily true at the colony level 

(e.g. Passera et al. 2001), but across a whole population of S. invicta and over evolutionary 

time it is safer to assume a balanced sex ratio. The assumption of a balanced proportion of 

each social form requires more justification. If left undisturbed, multiple-queen colonies tend 

to over-perform single-queen colonies. As a result, multiple-queen colonies dominate in 

many populations of S. invicta, especially in the invasive North American range (Porter 1993; 

Glancey et al. 1987). Single-queen colonies are better at colonising new habitats, were other 

colonies have not yet been settled, or previous colonies have been removed by disturbance 

(DeHeer 2002). This means that there might be a constant turnover of social forms in a cycle 

of establishment of single-queen colonies, gradual replacement by multiple-queen colonies, 

disturbance, and, again, establishment of new single-queen colonies. Such turnover has 

been observed in invasive populations of North America, albeit at a relatively slow rate 

(Porter 1993). In the native South American range, several populations display a varying 

proportion of either social form (Ahrens et al. 2005). The model thus assume that, over 

evolutionary time, the average proportion of either social form should be balanced.  

The proportion of diploid males in multiple-queen colonies (dipl) has been shown to be very 

high in invasive populations (near 100% (Ross & Shoemaker 1993). This is, however, an 

artifact of the low genetic diversity of the invasive populations of S. invicta (Ross et al. 1993). 

In the native South American populations, where most of S. invicta evolution has taken place 

the proportion of diploid males is estimated to be around 14% in multiple-queen populations 

(Ross et al. 1993). The model will therefore assume this value as a constant over 

evolutionary time (i.e. dipl = 0.14).  
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There will be two scenarios of gene flow tested here:  

 

● High gene flow between social forms (no bias of SB sexuals in multiple-queen 

colonies) 

● Low gene flow between social forms (bias of SB sexuals in multiple-queen colonies) 

 

The first scenario will assume that all SB males and SB/SB queens from multiple-queen 

colonies survive and are able to mate. Sb males have been shown to perform worse than 

their SB counterparts in multiple-queen colonies. Sb males have a lower sperm count than 

SB males. All else being equal, SB males are estimated to sire 71% of the offspring (Lawson 

et al. 2012). Under this scenario, mqbias is set to 1 (there is a 50-50 SB/SB-SB/Sb split in 

queens coming from multiple-queen colonies) and bbsuc to 0.71 (71% of SBSB males are 

successful at producing offspring). This scenario is not realistic given the existing evidence 

on S. invicta. Istead, it is used as an extreme model where gene flow between social forms 

is at its maximum.  

For the second scenario, the model assumes the bias of sexuals that do not carry the Sb 

allele in multiple-queen colonies. According to (Keller & Ross 1998), 61% of SB/SB queens 

aged between 7-10 days were killed in multiple-queen colonies. Additionally, according to 

data from (Buechel et al. 2014), only 24% of SB/SB larvae develop into queens, out of the 

expected 50%, that is a 48% bias against queens not carrying the Sb allele. Therefore, in the 

model, out of the total potential proportion of SB/SB queens in multiple queen colonies, only 

48% will develop, and from those only 39% will survive, resulting in a total 18.72% of bias 

against queens not carrying the Sb allele. For males, this proportion is estimated to be 

around 93% based on data from (Fritz et al. 2006). In the model, mqbias is thus set to 0.19 

(rounded from 0.1872) and bbsuc to 0.07.These numbers are likely to be variable, given that 

the aggressivity towards sexuals not carrying the Sb allele may be linked to the proportion of 

SBSb workers in the colony (Fritz et al. 2006). Nonetheless, these estimates represent a first 

approximation for the modelling of the complex and dynamic gene flow of S. invicta based 

on empirical data. The two scenarios were run with and without linkage. 

Finally, each simulation models different levels of fitness effects for all genotypes in either 

social form. In all simulations, the assumption is that the ‘c’ allele is beneficial for single-

queen colonies and potentially detrimental for multiple-queen colonies and vice-versa for the 

‘d’ allele. The fitness for each genotype within social form is relative to the rest of the 

population. Relative fitness is calculated for each genotype within social form using two 
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additional parameters (Hartl et al. 2007): heterozygous effect (h common to the whole 

population) and the selection coefficient (smulti and ssingl, specific to each social form). The 

relative fitnesses in each social form are calculated as follows: 

 

(XIII)  

 𝜔𝑐𝑐𝑠𝑖𝑛𝑔   1; 𝜔𝑐𝑑𝑠𝑖𝑛𝑔 1 𝑠𝑠𝑖𝑛𝑔ℎ; 𝜔𝑑𝑑𝑠𝑖𝑛𝑔 1 𝑠𝑠𝑖𝑛𝑔 

 𝜔𝑐𝑐𝑚𝑢𝑙𝑡𝑖   1 𝑠𝑚𝑢𝑙𝑡𝑖; 𝜔𝑐𝑑𝑚𝑢𝑙𝑡𝑖 1 𝑠𝑚𝑢𝑙𝑡𝑖ℎ; 𝜔𝑑𝑑𝑚𝑢𝑙𝑡𝑖 1 

 

The parameter s is therefore the relative fitness effect of the detrimental allele in each social 

form. It can vary between 0 and 1, meaning that the homozygote for the detrimental allele 

has either a neutral or a detrimental effect on the fitness on the bearer. The parameter h 

defines the effect of the detrimental allele in heterozygotes. It varies between 0 and 1, if set 

to 0, the detrimental allele is a complete recessive, if set to 1, a complete dominant. If h is 

set to 0.5, both alleles are strictly additive.  

 The simulations ran for all the combinations of selection coefficients values in each social 

form between 0 and 0.1, with step increases of 0.001. That is, the simulations tested for 

scenarios were selection goes from no effect, to an effect of 10% on fitness. The 

heterozygous effect h was kept at 0.5 for all simulations. All simulations ran for 10.000 

generations, time enough for allele frequencies to reach an equilibrium, confirmed by 

running several prior test simulations. The results report the final frequency of the allele ‘c’ 

after 10.000 generations for all combinations tested of smulti and ssing. The initial allele 

frequency for ‘c’ (p) was set at 0.1 for all simulations.  

All the simulations were built and ran in R (v3.6.1; R Core Team, 2019), using the package 

“plotly” (v4.9.0; Sievert 2018) for visualisation of the results.  

Results 

High gene flow, no linkage scenario 

Multiple simulations were run under the scenario of high gene flow between social forms, 

that is, without bias for Sb individuals in multiple-queen colonies, for 10,000 generations and 

different combinations of selective pressures in single and multiple-queen colonies.  

When the focal antagonistic locus is not linked to the supergene (Fig 3.2), its alternative 

alleles are rarely kept at an equilibrium. Allele ‘c’ is either fixed or lost in the population for 
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most combinations of selective pressures. The range of selection pressures at which both 

alleles exist in the population becomes wider as selection pressures increase. Some sort of 

equilibrium where both ‘c’ and ‘d’ alleles are present in the population is reached only when 

selection against the ‘d’ allele in the single-queen colony phenotype (ssing) is between 1.2 

and 1.5 times greater than selection against the ‘c’ phenotype in the single-queen colony 

phenotype (smulti). Put differently, selection needs to be up to 50% stronger in single-queen 

colonies to match the effect of selection in multiple-queen colonies. Therefore, under the 

high gene flow scenario without linkage, multiple-queen colonies are at an advantage with 

respect to single-queen colonies: all else being equal, alleles beneficial for multiple-queen 

colonies are more likely to become fixed in the population.  

 

 

Figure 3.2: Antagonistic allele frequencies of the allele ‘c’ after 10,000 generations 
under high gene flow between social forms and without linkage of the antagonistic 
locus to the supergene. The simulations were run under different fitness effects of 
allele ‘c’ against multiple-queen colonies (smulti) and of allele ‘d’ against single-queen 
colonies (ssingle). Darker tones indicate either high (blue) or low (pink) frequencies of ‘c’. 
Lighter colours indicate combinations of fitness where both alleles coexist. The lines in 
the plot indicate combinations of fitnesses for which the allele frequencies are the 
same. A larger surface of dark pink combinations indicates that the ‘c’ allele is lost in 
most cases, that is, multiple-queen colonies tend to be at an advantage. 
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High gene flow, linkage to supergene scenario 

Under the same high gene flow scenario, but with linkage of the antagonistic locus to the 

supergene (Fig 3.3a), the resulting allele frequencies seem to be inverted. The multiple-

queen beneficial allele (‘d’) is less likely to become fixed in the population. There is, 

however, an important difference, the single-queen beneficial allele (‘c’) never becomes fixed 

in the population.  

As soon as allele ‘d’ has a beneficial effect in multiple-queen colonies, it becomes fixed in 

the Sb variant of the supergene (Fig 3.3b), which is only present in multiple-queen colonies. 

Conversely, in the SB supergene variant (Fig 3.3c), allele ‘d’ becomes lost in most 

combinations of selection pressures. More specifically, selection pressure in multiple-queen 

colonies needs to be between 1.3 and 1.5 to reach an equilibrium where both alleles ‘c’ and 

‘d’ are present in the SB variant population.  

In all simulations the proportion of either social form was set to 50% and the SB variant is 

present twice in single-queen colonies and once in multiple-queen colonies, SB is present in 

75% of the population, and Sb in 25%. Because ‘c’ is more likely to be fixed in SB and this 

variant makes out ¾ of the population, the single-queen beneficial allele is more likely to be 

found at high frequencies in the whole population. If the ‘c’ allele has any detrimental effect 

on multiple-queen colonies, however, it never becomes fixed in the whole population, 

because it would be lost in Sb, which makes out ¼ of the population. Consequently, the ‘c’ 

allele can reach at most a frequency of 0.75 in the population. This scenario is, therefore, 

slightly beneficial for single-queen colonies, because its beneficial allele tends to be more 

common, but on the other hand, the multiple-queen beneficial allele is never lost. 

88



 

 

Low gene flow, no linkage scenario 

The resulting allele frequencies for the simulations with low genetic flow between social 

forms and without linkage (Fig 3.4), are almost opposite to those described in the high gene 

flow scenario. Again, there are very few combinations of selection pressures where both 

alleles of the antagonistic locus coexist. In this case however, the single-queen beneficial 

allele ‘c’ becomes fixed in most of the cases. Selection needs to be around 3 times higher in 

multiple-queen colonies compared to that in single-queen colonies to maintain both alleles in 

the population. Below this threshold, the multiple-queen beneficial allele ‘d’ is always lost. 

This scenario is thus highly beneficial for single-queen colonies. 

Figure 3.3: Antagonistic allele frequencies of the allele ‘c’ after 10,000 generations under 
high gene flow between social forms with the antagonistic locus being linked to the 
supergene. The figure shows the results for the overall population (a), the SB variant of the 
supergene (b) or the Sb variant of the supergene (c). The simulations were run under 
different fitness effects of allele ‘c’ against multiple-queen colonies (smulti) and of allele ‘d’ 
against single-queen colonies (ssingle). Darker tones indicate either high (blue) or low (pink) 
frequencies of ‘c’. Lighter colours indicate combinations of fitness where both alleles coexist. 
The lines in the plot indicate combinations of fitnesses for which the allele frequencies are 
the same. There is a larger surface of blue combinations in (a), indicating that the ‘c’ allele is 
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Low gene flow, linkage to supergene scenario 

Under the same scenario but with the antagonistic locus being linked to the supergene (Fig 

3.5a), the results are not very different from those reported in the high gene flow scenario. 

Again, the ‘c’ allele is more likely to be found at high frequencies in most combinations of 

selection, but never reaches frequencies higher than 0.75, because it is lost in Sb (Fig 3.5b). 

The main difference with respect to the high gene flow scenario is that the single-queen 

beneficial allele reaches high frequencies in more cases. Under the low gene flow scenario, 

selection pressure against the ‘c’ allele in multiple-queen colonies needs to be at least twice 

the selection pressure against the ‘d’ allele in order for both alleles to co-exist in the SB 

population (Fig 3.5c). Overall, the low gene flow scenario with linkage is beneficial to single-

queen colonies, and slightly more so than the high gene flow scenario. This difference, 

however, is much larger between the two scenarios without linkage. 
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Discussion 

The balance between Sb and non-Sb carrying sexuals explains the 

impact of gene flow 

These results can be understood as a consequence of the asymmetries in gene flow 

between the two colony types. First consider SB/SB queens and SB males. They can 

originate from both types of colony. All else being equal, however, a smaller proportion will 

be produced by the multiple-queen colonies, because they also produce heterozygous 

females and Sb males. Furthermore there is additional selection in multiple-queen colonies 

that reduces their production of SB queens and fertile males. Consequently, the single-

Figure 3.4: Antagonistic allele frequencies of the allele ‘c’ after 10,000 generations under 
low gene flow between social forms and without linkage of the antagonistic locus to the 
supergene. The simulations were run under different fitness effects of allele ‘c’ against 
multiple-queen colonies (smulti) and of allele ‘d’ against single-queen colonies (ssingle). Darker 
tones indicate either high (blue) or low (pink) frequencies of ‘c’. Lighter colours indicate 
combinations of fitness where both alleles coexist. The lines in the plot indicate combinations 
of fitnesses for which the allele frequencies are the same. 
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queen beneficial allele would be exposed to positive selection more often in this part of the 

population, and thus, would increase in frequency unless there were a stronger counter-

selection during its residence in multi-queen colonies.  

The second component of gene flow that needs to be considered is through gametes 

carrying the Sb allele. These are only produced by multiple-queen colonies (and are passed 

on to multiple queen colonies). Therefore, Sb gametes recycle through multiple-queen 

colonies each generation tending to favour the multiple-queen beneficial allele. The SB 

contribution, however, which makes up half the genome of multiple queen colonies, is a 

mixture from the two types of colony. 

Without physical linkage between Sb and the antagonistic locus, in a scenario where most 

SB individuals are produced by single-queen colonies the equilibrium between antagonistic 

alleles would be tipped towards the single-queen beneficial variant. On the other hand, with 

greater gene flow, implying a higher contribution of multiple-queen colonies to SB gametes, 

the multiple-queen variant could be maintained with a smaller selective advantage.  

Consequently, any factor affecting the relative strength of these two gene flows (either 

SB/SB queens and SB males or Sb carrying males and females) is likely to affect the 

outcome of selection on the antagonistic locus. Outcome, that for most values of selection 

involve either loss or fixation of an allele which is detrimental for an important part of the 

population (Figs 3.2 and 3.4). This pattern of quick loss/fixation of unlinked antagonistic 

alleles has been predicted in previous models (Charlesworth & Charlesworth 1975), and 

explains why supergenes seem more likely to arise in loci already under linkage. Specific 

combinations of any parameter affecting gene flow such as, the proportion of diploid males 

in multiple-queen colonies, bias towards the production of SBSb queens or the proportion of 

each colony type in the population will result in very different outcomes.  

One the other hand, when the antagonistic locus is linked to the supergene that controls 

social form in S. invicta, gene flow has less of an impact on the outcome of selection. This 

resilience to gene flow occurs because in the model Sb is only present in multiple-queen 

populations. The antagonistic haplotype on Sb is, therefore, never exposed to selection in 

single-queen colonies. Put differently, influx of SB gametes by gene flow from single-queen 

colonies does not affect the antagonistic locus on the Sb chromosome. As a result, the 

multiple-queen allele always increases in frequency in Sb. The dynamics in the SB 

population are therefore similar to those described in the scenario without linkage, there is 

greater SB gene flow from the multiple-queen colonies. If the proportion of each social form 

is balanced at 50-50, SB will make out 75% of the population, and Sb, 25%, hence resulting 
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in high frequencies of the single-queen allele in most cases, but where both alleles co-exist 

in the population, regardless of the gene flow. 

 

 

Gene flow as a driver of the evolution of the supergene 

The results from the model show that allele frequencies at equilibrium are strongly affected 

by the gene flow between social forms of S. invicta. This gene flow is in turn, affected by 

several factors that are likely to vary over time. Here, we have tested two extreme scenarios, 

but in real populations of S. invicta many more intermediate scenarios are likely to be 

happening at the same time in different populations. For instance, the proportion of bias 

against sexuals not carrying the Sb variant in multiple-queen colonies is likely linked to the 

proportion of workers carrying such variant (Fritz et al. 2006; Buechel et al. 2014), and 

therefore variable from colony-to-colony. Other factors include the possibility of assortative 

Figure 3.5: Antagonistic allele frequencies of the allele ‘c’ after 10,000 generations under 
low gene flow between social forms with the antagonistic locus being linked to the 
supergene. The figure shows the results for the overall population (a), the SB variant of the 
supergene (b) or the Sb variant of the supergene (c). The simulations were run under 
different fitness effects of allele ‘c’ against multiple-queen colonies (smulti) and of allele ‘d’ 
against single-queen colonies (ssingle). Darker tones indicate either high (blue) or low (pink) 
frequencies of ‘c’. Lighter colours indicate combinations of fitness where both alleles coexist. 
The lines in the plot indicate combinations of fitnesses for which the allele frequencies are
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mating between individuals from the same colony type, suggested by some authors in S. 

invicta (Saddoris et al. 2016), and known to happen in other socially polymorphic ant species 

(Avril et al. 2019). The number of diploid males produced by single-queen colonies would 

also affect the gene flow between social forms, and therefore, the outcome of antagonistic 

allele frequencies. Again, the proportion of diploid males can vary strongly, owing to 

differences in genetic diversity among locations (Ross et al. 1993). For instance, in North 

American populations almost all males produced by multiple-queen colonies are diploid 

(Tschinkel 2006), resulting in an almost unidirectional gene-flow from single to multiple-gene 

colonies (Ross & Shoemaker 1993). Gene flow is not only likely to vary in space, but also in 

time. The proportion of the different social forms in a population is one of the parameters that 

is likely to affect the most gene flow. Owing to the life history of S. invicta, this proportion is 

likely to change over time. Initially, mostly single-queen colonies will colonise new 

environments. As population density increases, multiple-queen colonies outperform their 

single-queen counterparts and increase in frequency (Ross & Keller 1995). The proportion of 

each social form is highly variable in each population (Ross et al. 2007; Mescher et al. 

2003), and changes over time (Porter 1993). 

The model has shown that, without linkage to the supergene, there is a very narrow range of 

circumstances where both antagonistic alleles coexist in the population. In most situations 

one of the alleles becomes fixed. Additionally, given the high variability of gene flows 

between social forms, this specific set of circumstances is likely to be changing constantly 

over evolutionary time. Consequently, the most likely outcome for an antagonistic allele is to 

become lost or fixed. Evolutionary conflict for a specific locus is maintained in the population 

as long as two or more alleles with different fitness effects in different phenotypes coexist in 

the population (e.g. Chapman et al. 2003). The results discussed here are, therefore, 

consistent with the idea that evolutionary conflict on its own is unlikely to play a predominant 

role in the evolution of the social chromosome. Instead, the results of the simulations point at 

gene flow having a greater influence. To explore this statement in depth, we now need to 

focus on the results obtained in the simulations when the antagonistic alleles are linked to 

the supergene. 

When linked to the supergene, allele frequencies in the antagonistic locus are more 

protected from gene flow. In all situations modelled, as long as an allele is beneficial to 

multiple-queen colonies, it became fixed in Sb. That is, the multiple-queen allele locus was 

never lost in the population, and all multiple-queen colonies had at least one copy of the 

beneficial allele. Linkage to the supergene, however, also comes at a cost for multiple-queen 

colonies. Because of SB and Sb do not recombine, all else being equal, the antagonistic 
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allele in the SB variant is twice as likely to be in a single-queen colony than in a multiple-

queen colony. As a result, the single-queen allele tends to become fixed in SB, even when it 

has enough negative impact in multiple-queen colonies that it would be lost in the population 

under a no-linkage scenario. Because multiple-queen colonies have one copy of SB, in most 

cases all multiple-queen colonies carry an allele that may be detrimental for them. From a 

multiple-queen perspective, therefore, linkage to the supergene is beneficial, because it 

prevents the loss of multiple-queen beneficial alleles, but it comes at a cost because it 

makes it more likely to fix detrimental alleles in SB. 

Here, we hypothesise that selection for the linkage of several antagonistic alleles stems from 

the effects that the supergene has in buffering the impacts of gene flow. According to this 

idea, selection for the S. invicta supergene originates as a way to “shield” beneficial alleles 

for multiple-queen colonies from the fluctuations in gene flow, even when fitness for these 

colonies could be higher without linkage at a specific point in time. For instance, consider a 

scenario where both antagonistic alleles coexist in the population. Let one of the alleles be 

slightly more beneficial for multiple-queen colonies, than it is detrimental for single-queen 

colonies. And finally, let there be, in the same population, colonies where the antagonistic 

locus is linked to a supergene, and colonies where it is not. At this point in time, the multiple-

queen allele would be found at high frequencies in the single-queen colonies without linkage. 

In the colonies with linkage, it may be found at lower frequencies because it is lost in SB, but 

fixed in Sb. In this scenario, the colonies without linkage have a fitness advantage compared 

to those without. But now let there be a change in the gene flow between social forms. For 

instance, a flood that results in a reduction of multiple-queen colonies. The balance at the 

antagonistic locus is now tipped towards the single-queen allele. As a result, the multiple-

queen allele is lost in populations without linkage, but it is still maintained in the populations 

with linkage. Now, the populations with linkage are at an advantage compared to the 

populations without linkage. If these changes in gene flow resulting in the loss of beneficial 

alleles occur often enough, linkage has a beneficial advantage over evolutionary time. 

Alternatives to gene flow as a driver of supergene evolution: conflict and 

antagonism 

Other than the effect of gene flow fluctuations, there are other explanations for the 

emergence of the supergene in S. invicta that are not mutually exclusive. 

The previous section argued that evolutionary conflict was unlikely to play a dominant role in 

supergene evolution, because the fluctuations in gene flow would mean that antagonistic 
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alleles become either lost for most parameter combinations. It could be, however, that if the 

gene flow changes quickly enough, allele frequencies would not reach an equilibrium. In 

such a situation, evolutionary conflict could take place, and therefore selection for linkage of 

the antagonistic alleles, provided prior linkage (Charlesworth 2016). For conflict to arise in 

this way, the fluctuation in gene flow would need to be relatively frequent. The rate of 

replacement of single-queen colonies by multiple-queen colonies has been estimated at 

around 4%-6% per year in areas first colonised by single-queen colonies in the North 

American invasive range (Porter 1993). The proportion of each social form is therefore 

assumed to be relatively stable in short periods of time, which makes it unlikely that quick 

changes in gene flow could occur at a frequency high enough to maintain several 

antagonistic alleles in the population. It is important to note that this replacement estimation 

is based only on one study in the invasive range, where the life history of S. invicta may be 

slightly different to that of the native South American range (Ahrens et al. 2005; Mescher et 

al. 2003). Additionally, as explored above, besides changes in social form proportions, other 

factors may impact gene flow between social forms.  

The results showed here are also compatible with the supergene in S. invicta working as a 

selfish genetic element. The social chromosome of S. invicta is a putative green-beard gene 

(Keller & Ross 1998), that is, a genetic element that produces a phenotype that the carriers 

of such element can recognise. In the context of social behaviour and/or mating, individuals 

carrying the green-beard genetic element will interact preferentially with each other, leading 

to the increase in frequency of such element (Hamilton 1964a; Hamilton 1964b; Dawkins, 

1978). The Sb variant of the supergene would thus produce some signal that Sb carrying 

workers could identify, leading to the culling of Sb carrying queens and, potentially, Sb 

carrying males too (Keller & Ross 1998; Buechel et al. 2014). Some authors have 

hypothesised the Sb variant did not emerge as a result of selection for the linkage of 

multiple-queen alleles. Instead, the linkage would have occured between loci involved in the 

green-beard system, for instance, a locus producing a signal and another one receiving it. 

The newly formed supergene would work as a drive system, biasing its own spread, through 

the active elimination of individuals not carrying it. The linkage of the supergene to the 

multiple-queen colony phenotype would have occurred as a by-product of the supergene 

formation, or at a later stage (Huang & Wang 2014). The results of the simulations show that 

the culling of sexuals not carrying the Sb allele is detrimental for multiple-queen colonies, 

making single-queen colony beneficial alleles are more likely to spread. Therefore, there 

seems to be a conflict between the spread of the Sb variant and the spread of multiple-

queen colony alleles.  
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Interactions between selfish drive elements and selection for other phenotypes have been 

reported in other systems. For instance, in the stalk eyed flies there is a drive system in the 

X chromosome that degenerates the Y chromosome in the eggs, if not counteracted, this 

results in a bias towards females and sperm limitation (Presgraves et al. 1997). One of the 

hypotheses explaining the selection for long eye stalks in males is that they could be 

signaling carriers of resistance to the drive element (Wilkinson et al. 1998). Selection against 

the drive system could thus results in runaway sexual selection (Rogers et al. 2008). 

Limitations  

Any model is a simplistic representation of the real world, and the one presented here is not 

an exception. Some known processes of the life history of S. invicta were not modelled here. 

For instance, queens mating with Sb males have been shown to seek another mate (usually 

an SB male) (Lawson et al. 2012), the model only accounted for one mating per queen. In 

the literature, SbSb queens are assumed to be a lethal recessive (Goodisman et al. 2000). 

In the models without linkage, the proportion of SbSb queens not being able to reproduce 

was not taken into account. In the model with linkage to the supergene, however, SbSb 

queens did not reproduce. In natural populations of S. invicta, SbSb queens are found in 

mating flights and in a few nests, even though it is still not clear whether they are viable in 

the long term (Fritz et al. 2006). 

It is also important to note that the estimations of the parameters used here are often 

extracted from populations in the invasive North American range of S. invicta. These 

populations have a very low genetic diversity due to a founder effect (Ross & Shoemaker 

2008), which results in life history changes such as the increase in diploid males produced 

by multiple-queen colonies (Ross et al. 1993). The invasive population of North America 

comes from a very specific sub-population from the South American native range (Caldera et 

al. 2008). Given the high diversity, and in many cases, geographic isolation, of the native S. 

invicta populations (Ahrens et al. 2005; Ross et al. 2007) it is possible that some life history 

traits relevant for this model may have been poorly estimated.  

These issues, however, are unlikely to change the conclusions of this study. They do not 

affect the qualitative finding that gene flow changes have a strong impact on antagonistic 

allele frequencies. The discussion centered around the interplay between gene flow changes 

and allele frequencies would, therefore, remain the same. 

The model built for this study uses an analytical, top-down approach. That is, it generalises 

global behaviours of the system, without taking into account its individual elements. For 
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instance, the individual selection unit in the model was the colony as a whole. This poses 

limitations as within-colony interactions are not modelled. These interactions include the 

potential for inter-caste conflict, for example, where the fitness optima of queens and males 

would be different (Pennell et al. 2018). Additionally, there are colony-level differences 

between single and multiple-queen colonies, such as the number, density and fecundity of 

queens (Vargo & Fletcher 1989). Single-queen colonies, by definition, only have one queen 

per colony, whereas multiple-queen colonies have tens of egg-laying queens. Consequently, 

multiple-queen colonies tend to be larger and to produce more individuals than single-queen 

colonies. This and other demographic and geographic factors were not accounted for in the 

model. To include them, a bottom-up approach for modelling, such as an individual based 

model, would have provided complementary insights about any complex emergent 

properties from simple interactions of individuals. An individual based model would therefore 

be a good approach to include factors such as caste conflict and geographic and 

demographic dynamics. Such a model, however, is beyond the scope of this study. The 

current model could be extended to similar supergene systems, such as that of the white-

throated sparrow (Huynh et al. 2011), whereas an individual based model on S. invicta 

would be highly specific to this system, and therefore not applicable to other supergene 

systems.  

Conclusion 

Here, we have generated a model to simulate the spread of antagonistic alleles in two social 

forms of the fire ant Solenopsis invicta. These simulations were carried out under four 

different scenarios: high and low gene flow between social forms with and without linkage of 

the antagonistic locus to a supergene. The results show that, without linkage, gene flow 

between social forms has a strong impact on the allele frequencies at equilibrium, where 

often one of the alleles is lost in the population. The impact of gene flow is far lower when 

the antagonistic locus is linked to the supergene, with gene frequencies at equilibrium being 

more stable and often including both the single and multiple-queen beneficial allele. We 

hypothesis that the supergene acts as a buffer to counteract the impact of gene flow, in an 

evolutionary strategy similar to bet-hedging. Other mechanisms such as evolutionary conflict 

or selfish spread of the Sb allele underlying the evolution of the supergene in S. invicta are 

also compatible with our results. 
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Abstract 

Polyphenic traits, where one genotype produces two or more discretely different phenotypes, 

provide insight into the processes underpinning phenotypic plasticity. More specifically, 

because polyphenism generates different phenotypes exclusively through gene regulatory 

processes, understanding its molecular basis can inform our understanding of how gene 

regulatory networks translate into phenotypes. Here we focus in an extreme case of 

polyphenism to explore this idea, the morphological castes of the red fire ant Solenopsis 

invicta. This ant species has three different morphological castes: workers, reproductive 

females and males. All castes share the same genome, the different phenotypes are 

determined either by feeding during the larval stage (workers and reproductive females) or 

by ploidy (males and females). We are interested in exploring how gene expression 

differences are linked to caste differences, and in turn, how this shapes their shared 

genome. We ask, for instance, how selection affects differently genes that are expressed in 

different castes compared to genes which are caste-biased. To answer this, we generated 

tissue-specific RNAseq data from fire ant workers, queens and males. This dataset allows us 

to study expression patterns in caste-specific tissues, as well as in tissues shared across 

castes. The results will shed light on our understanding of how polyphenism in particular and 

phenotypic plasticity in general shape evolutionary trends in the genome. 
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Introduction 

Polyphenism, the phenomenon by which a single genotype produces two or more discretely 

different phenotypes (Braendle & Flatt 2006), is widely spread across the tree of life. Well 

known examples include temperature-dependent sex determination in reptiles (Janzen & 

Paukstis 1991), seasonal forms in butterflies (Simpson et al. 2011) and castes determined 

by the food allocation to larvae in social insects. Because polyphenism generates different 

phenotypes by modifying gene regulation, understanding its molecular basis can inform our 

understanding of how gene regulatory networks produce phenotypes.  

Ants provide a paradigmatic example of polyphenism. The vast majority of ant species 

display different morphological castes, dependent on the sex of the individual. Males form 

usually a unique reproductive caste, whereas females can develop into reproductive queens 

or sterile workers.  

Hymenopterans have a haplo-diploid system, which means that unfertilized haploid eggs can 

develop to haploid adult individuals. Typically, haploid eggs will develop into males, and 

diploid eggs into females (and therefore workers or queens). In several social insects, 

differences in sexes is determined genetically through a single highly diverse sex 

determination locus. Whenever an individual is heterozygous for this locus, it will develop as 

a female (Heimpel & de Boer 2008; Beye et al. 2003). As a result, all adults emerging from 

unfertilized eggs will be hemizygous for the sex determining locus, and therefore express 

only one allele, hence becoming males. The differences between queens and workers are 

environmentally and irreversibly determined during larval development in most species 

(Miura 2005; Wheeler 1991), for exceptions see (Anderson et al. 2008).  

The molecular basis of caste differences can, at least partially, answer more general 

questions about polyphenism. Indeed, the study of the molecular mechanisms responsible 

for caste differences has attracted a fair share of research interest (Gadau et al. 2012).  

The empirical evidence to date suggests that both highly conserved pleiotropic genes as well 

as new taxonomically restricted genes with low connectivity seem to be governing 

phenotypic differences between castes in several social insect species (Mikheyev & 

Linksvayer 2015; Berens et al. 2015). So far, no particular gene has been found to be a 

consistent key regulator of caste definition. Instead, whole gene regulatory networks 

involved in caste differences, seem to be similar across ant species (Morandin et al. 2016). 

Additionally, theory predicts that gene duplication could play a central role in caste 

differences, by allowing the subfunctionalisation of gene duplicates in different castes 
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(Gadagkar 1997; Chau & Goodisman 2017). This hypothesis has received strong empirical 

support, especially from specific gene families that have undergone several expansions in 

several ant species (Gadau et al. 2012). For instance, gene families such as odorant binding 

proteins (OBPs), vitellogenins (Vgs) or chemosensory proteins (CSPs) have expanded in 

several ant species, and are often involved in differences between castes (e.g. for OBPS: 

Zhang et al. 2016; Pracana et al. 2017; for Vgs: Morandin et al. 2014; Oxley et al. 2014; 

Wurm et al. 2011; Corona et al. 2013 for CSPs and other proteins involved in chemical 

communication: Kulmuni et al. 2013; Koch et al. 2013; Hojo et al. 2015). 

Despite the interest in elucidating the molecular basis of caste differences, no clear 

consensus has emerged on the general mechanisms shaping its evolution. There are 

several challenges. Namely, the sheer diversity of morphological castes found in 

hymenopterans (Fjerdingstad & Crozier 2006), and the fact that gene expression between 

castes seems to be highly life-stage (Ometto et al. 2011) and tissue specific (Abouheif & 

Wray 2002). Tissue specificity in caste differences is especially relevant, not only because 

some tissues will play very different roles in different castes (e.g. poison glands in queens 

and workers -(Vargo 1997; Jackson & Morgan 1993)-), but also because differences in 

allometry between castes can lead to artefacts in gene expression results if whole bodies 

are used (Johnson et al. 2013). Most studies to date have focused on either whole bodies or 

a single tissue from different castes. These shortcomings could have led to inaccurate or 

incomplete characterisation of gene expression differences.  

In this chapter, we generated the most extensive dataset to date in hymenopterans of tissue-

specific differences in expression between castes. We extracted RNA from several tissues of 

adults from three different castes (15 tissues in males, 18 in virgin queens and 17 in 

workers) of the red fire ant Solenopsis invicta (Fig 6.1). Such dataset provides 

unprecedented resolution to answer questions regarding the molecular basis of caste 

differences.  

Here we show that expression differences between castes are highly tissue-specific; a 

finding which brings into question the conclusions of previous studies obtained from whole 

bodies. Caste differences seem to involve thousands of genes, most of which seem to be 

playing different roles in different castes depending on the tissue where they are expressed. 

We do find, however, a few genes that seem to be consistently highly expressed in any one 

caste, albeit with different intensity in each tissue. Analyses focusing on specific gene 

families of interest including OPBs, CSPs and vitellogenins suggest that many gene 

duplications exclusive to ants may have been co-opted to play a role in caste differences.  
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In all, these results provide a valuable case study to understand the regulatory mechanisms 

underlying the differences between castes in particular, and between discrete phenotypes 

arising from a single genome in general. 

 

  

Materials and methods 

Generation of RNAseq data 

This experimental design is based on the understanding that the colony rather than the 

individual should be considered as the unit of biological replication in a social insect. Each 

replicate was therefore extracted from a different colony, in total the samples were extracted 

from 15 different colonies. We generated an RNAseq database for several tissues of adult 

individuals of the red fire ant Solenopsis invicta from three different castes: workers, virgin 

Figure 6.1. Simplified diagram showing the tissues dissected for gene expression from three 
castes of the fire ant Solenopsis invicta. The three code letters correspond to: Ant, 
antennae; Fat, fat bodies; Eye, eye; Man, mandibles; Leg, legs; Ter, tergites; Ste, sternites; 
Bra, brain; Mus, muscle (thorax only); Gan, abdominal ganglia; Cro, crop; Mal, Malphigian 
tubules and midgut; Rec, rectum; Duf, Dufour gland (queens and workers only); Poi, Poison 
sac and gland (queens and workers only); Spe, spermatheca (queens only); Tes, testicles 
(males only); Ova, ovaries (queens only). Additionally, we also extracted RNA from the 
corpse, that is, the rest of the body after dissection.  
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female reproductives and males. We generated 5 replicates per caste, each replicate 

comprising a pool of one tissue coming from three individuals of the same colony (except for 

one female reproductive sample, where only 2 individuals were available).  

The samples were collected from colonies in the field near College Station in Texas, USA 

(GPS coordinates in Annex II, Table AII.1) on the 21st October 2016. After a mound had 

been identified in the field, the entire colony was transported to the lab and transferred to a 

plastic box coated in fluon. Once in the lab, the colonies were kept in constant conditions of 

light and temperature (25ºC) and fed regularly a diet consisting of crickets, apple and sugar 

water. After at least 8 days of constant conditions, individuals of all available castes from 

each colony (Annex II, Table AII.1) were collected with soft tweezers and snap-frozen in 

liquid nitrogen. The samples were then stored at -80ºC. Additionally, workers of each colony 

were collected and kept in ethanol for genotyping the colony. The whole sampling process 

was performed on the same day and lasted from 10:30 to 15:30.  

The red fire ant Solenopsis invicta displays two types of social organisation. This social 

polymorphism is controlled by a single genetic element (Ross & Keller 1995). For this study 

we focused only in single-queen colonies. To ensure that RNA was extracted from single-

queen colonies only, we extracted the DNA of the workers kept in ethanol using a standard 

phenol-chloroform method (more details in Annex II, Text AII.1). We then performed the 

(Krieger & Ross 2002) individual RFLP assays on 9 workers per colony to identify its 

phenotype. All workers for single-queen colonies are homozygote for this assay, whereas, 

between 80% and 60% of the workers should be heterozygote in multiple-queen colonies 

(Buechel et al. 2014).  

Once the colonies were genotyped, and their single-queen status confirmed, each individual 

was dissected in RNAlater straight from the -80ºC storage, to ensure that RNA integrity was 

preserved at all times. Tissues were extracted into 2mL screw cap tubes containing 1g of 

ceramic beads over dry ice. Each tube contained a pool of the particular tissue from the 

three individuals of one caste for a particular colony. 200uL of TRI reagent was added to 

each tube after dissection and the sample stored at -80ºC before extraction. We performed 

the dissections following a permuted block design (More information in Annex II, Table AII.1) 

as to avoid potential confounding factors arising from batch effects. We extracted total RNA 

using a standard Trizol protocol (More details in Annex II, Text AII.2). The preparation of the 

245 individual libraries and sequencing were performed at the Wellcome Genomics Centre 

in Oxford, UK. Libraries were prepared using the NEBNext Ultra II mRNA kit with an input of 

10ng or maximum available. 16 PCR cycles were used cycles for indexing and amplification. 

An equimolar pool of samples was sequenced in two lanes of an Illumina HiSeq4000 

111



sequencer at 75bp paired-end and 16 lanes (2 flowcells of 8 lanes each) an Illumina 

HiSeq4000 sequencer at 50bp single end reads. The sequencing produced an average of 

1,382,570 reads per sample, with a maximum of 2,921,715 reads and a minimum of 699,318 

reads. A replicate for female reproductive corpse tissue and a replicate for male fat tissue 

did not produce material enough and were only sequenced in the two lanes of 75bp paired-

end.  

RNAseq quality check 

Raw reads and mapping quality checks 

We removed the Universal Ilumina and Tru Seq adapters from the raw RNAseq reads using 

Cutadapt (v1.13; Martin 2011)) with default parameters. Because major sequencing biases 

typically affect all the samples in an entire lane, or an entire library across all lanes, we 

performed quality control at both levels. For this quality control, we merged the raw reads by 

sequencing lane or by sample of origin quality checked them using FastQC (v0.11.5; 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). We then mapped the reads from 

each sample and lane individually to the Solenopsis invicta genome reference (gnG 

assembly, release 41 in Ensembl Metazoa) using STAR (v2.5.3a; Dobin et al. 2013). We first 

generated an index using the ‘sjdbGTFtagExonParentTranscript=Parent’ option. We then 

mapped the reads twice using the ‘out.tab’ file for the second run, and set ‘sjdbOverhang’ 

option to 49, as recommended by the developers. We merged the resulting alignment files 

(BAM format) by sequencing lane or by sample using Samtools merge (v 1.9; Li et al. 

2009)), and then quality checked them using Qualimap rnaseq (v2.2.1; Okonechnikov et al. 

2016). The results of these quality checks were integrated together using MultiQC (v1.5; 

Ewels et al. 2016).  

Overall, these quality checks show no major effect by lane. There are, however, some 

patterns which emerged when the reads were grouped by sample. For instance, some 

thoracic muscle samples, particularly those belonging to males and female reproductives, 

have a very high percentage of repeated sequences (in one case, going up to 55% of the 

total reads). These were mitochondrial sequences. This pattern might be expected in these 

samples, since muscle is enriched in mitochondrial expression, especially in winged 

individuals, where thoracic muscles need to cope with the energetic cost of flying. 

Mitochondrial sequences in other tissues could either belong to actual mitochondrial 

expression or to unannotated nuclear mitochondrial genes (numts). Interestingly, all brain 

samples appear to have a higher percentage of reads mapping to intergenic and intronic 
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regions. This effect is not caused by a few highly expressed genes being poorly annotated, 

since this pattern holds even when highly expressed genes are not considered (data not 

shown).  

A few of the samples, however, seem to perform poorly in many metrics. Specifically, 8 

samples from one worker replicate show a very low percentage of reads aligning to exonic 

regions, a poor 3’-5’ bias coverage and tend to have a relatively low number of mapped 

reads in relation with the number of total raw reads. This may be indicating that RNA was 

slightly degraded for this samples. The case for discarding these samples was further 

evaluated using PCA analysis (see below). 

Principal component analyses (PCAs) 

In addition to the aforementioned quality checks performed on the raw reads and the 

alignments, we also performed several principal component analyses (PCAs) on the read 

counts per gene of the RNAseq data. All the PCA plots were generated using the R package 

‘ggbiplot’ (Vu 2011). 

These analyses are expected to produce biologically meaningful patterns (e.g. clustering by 

tissue or caste), and should expose any potential technical batch that could affect 

downstream expression analyses. The read counts for the PCA were obtained running the 

Kallisto quant (v0.44.0, (Bray et al. 2016) tool with standard options for single end reads. 

The mean insert size was set to 300bp, with a standard deviation of 20bp. We used the S. 

invicta cDNA reference from Ensembl Metazoa (gnG assembly, release 41). We generated a 

Kallisto output for the reads generated per sample and per lane in the sequencer. These 

reads were then imported into R using Tximport (v1.2.0; Soneson et al. 2015) and DESeq2 

(v1.14.1; Love et al. 2014). The counts were normalised by library size using the DESeq 

method. We aggregated the raw counts by adding the read counts per gene by sequencing 

lane or by sample. We plotted the first two PCs of the PCA by sample as they explained 

most of the variance (Fig AII.1). The combination of PC 1 and 2 (Fig AII.2), shows that eight 

samples from a worker replicate may be problematic, because they form a separate cluster. 

These samples are the same that performed poorly for many of the other quality check 

metrics. These eight samples show, in general, more read counts for highly expressed 

genes than the same tissues in other worker replicates, but no expression for genes that 

have low expression in other replicates. This may be indicating that the RNA used for 

generating these libraries was at least partially degraded. Because there is no reason to 

think that RNA degradation would be biased against a particular sequence, it will look as if 

the surviving (mostly highly expressed) sequences look as if they were relatively highly 
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expressed compared to other replicates. Consequently, these 8 samples were removed from 

downstream analyses. Other than this clustering attributed to RNA degeneration, there 

seems to be a more welcome strong biological signal: samples seem to cluster by tissue and 

caste. For instance, most tissues tend to cluster together. Caste has also an effect in the 

clustering, albeit fainter, with males and females clustering together, but worker samples 

being more scattered (Fig AII.3). Indeed, when grouped by RNA extraction batch (Fig AII.4), 

there is no clear clustering pattern, suggesting that the RNA extraction process did not affect 

the perceived expression patterns. Despite the quality check of the raw counts and 

alignment per lane showing no clear effect, the PCA with samples merged by lane (Fig AII.5) 

shows that normalised read counts per gene do group by flowcell in the sequencer, which 

implies that sequencing run has an effect on the perceived expression patterns. This effect, 

is relatively small, as shown by the fact that the variance explained by these PCs is small 

and similar across PCs (Fig AII.6). Indeed, when a PCA is performed in all raw read files 

independently (Fig AII.7), the effect of lane or flowcell is very small in comparison with other 

effects discussed below. Nevertheless, flowcell effect is accounted for as batch effect in 

further analyses.  

Gene expression analyses 

Generation of read counts per gene 

We estimated the number of significantly differentially expressed genes between castes 

within tissues. In light of the results of the QC (above), we obtained the read counts merging 

the read files by flowcell. That is, we generated 4 different read count files per sample: 2 per 

each run at 75bp paired-end and 2 per each run at 50bp single-end. We then obtained the 

read counts per gene using Kallisto with the same options as described above for the single-

end reads and with the standard options for paired-end reads. We also used the same 

reference as described above, with the exception that the mitochondrial genes were 

removed. The read counts were then imported into R using tximport and we obtained the 

transcript-gene equivalence table from Ensembl using Bioconductor package biomaRt 

(Durinck et al. 2009). The 8 samples deemed as of low-quality were removed from any 

downstream analyses.  

 

Gene expression differences for tissues common to all castes 

We first analysed the gene expression differences between castes within tissues. For this 

analysis, we only focused on tissues present in all castes. That is, we did not include in this 
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analysis the poison and Dufour glands, ovaries, spermatheca and testis; after these 

restrictions, 14 tissues remained for this analysis. The significance level of gene expression 

differences was estimated running limma-voom (Ritchie et al. 2015) with standard 

parameters (Law et al. 2018). This analysis tool is part of the Bioconductor package edgeR 

(Robinson et al. 2010). Before the analysis, we filtered out genes with a median counts per 

million (CPM) across all samples of less than 0.5. 4479 genes with were removed from 

analysis, leaving 10,430 for the downstream analysis. We then produced a nested design 

(caste within tissue), using flowcell as a blocking factor. We generated a pairwise contrast 

between caste per tissue (3 contrasts in total per tissue) to obtain gene expression 

differences. We considered a gene to be differentially expressed in each comparison when It 

produced a Benjamini-Hochberg corrected p value of < 0.05 and a log2 fold change 

difference in expression between castes of more than 1 (i.e. 2-fold change in expression). 

 

Gene expression differences for caste-specific tissues 

The tissues that were not present in all castes were analysed separately. The poison and 

Dufour glands are present in both queens and workers. They were analysed following the 

same steps as those described in the previous section, with the exception that the only 

comparison performed was queens against workers.  

The ovaries and the testes are caste-specific reproductive tissues present only in queens 

and males respectively. We compared directly the gene expression level differences 

between testes and ovaries using limma-voom with the same parameters as described 

above. 

Because the spermatheca is only present in queens, we used limma-voom only to test which 

genes were expressed to a level significantly different from 0 in this tissue. In other words, 

we tested which genes were expressed at all in this tissue. 

All the plots for this section were generated using ggplot2 (Wickham 2016) and ggtern 

(Hamilton & Ferry 2018). 

 

Analysis of specific gene families 

We analysed the expression patterns for three specific gene families, namely Vitellogenins 

(Vgs), odorant binding proteins (OBPs) and chemosensory proteins (CSPs) in S. invicta. 

These gene families were chosen because of their potential relevance in caste differences 

and because accurate gene models are available for them. Based on the literature, we 
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updated the gnG reference of S. invicta with the improved gene models. The location of the 

Vg genes in the reference were taken from (Wurm et al. 2011). Vg3 and Vg2 was already 

present in the original reference. Because Vg1 and Vg4 were merged as a single gene in the 

original reference, we simply split it manually to obtain all the Vgs. The sequences of the 

CSPs were obtained from (Kulmuni et al. 2013). We then used the best matches from 

exonerate (v2.4.0; Slater & Birney 2005) by using the gnG assembly as a reference and the 

CSP sequences as queries to extract the positions of the CSPs in the S. invicta genome. 

The positions of the OBPs in the gnG reference were obtained from (Pracana et al. 2017). 

The positions of both the CSPs and OBPs were then used to generate an updated gff 

annotation for S. invicta, by replacing the previous gene models for Vgs, CSPs and OBPs 

with the new positions, while also retrieving the rest of gene models in the genome. We then 

generated an updated reference for Kallisto by extracting the sequences of all genes using 

the gff annotations and the gnG reference assembly for S. invicta using genometools 

(v1.5.9; Gremme et al. 2013). We then ran Kallisto using the parameters described above for 

paired end reads using the updated gene sequences as a reference and the read files 

merged by sample. The results were plotted using the R packages ggplot2, and dendextend 

(v1.12.0; Galili 2015). 

GO terms enrichment analyses 

A gene ontology (GO) enrichment analysis was performed merging all the counts by 

individual, irrespective of tissue. This allowed a GO terms enrichment analysis on the gene 

expression differences between castes across all tissues. The GO term enrichment was 

performed using the Bioconductor (Huber et al. 2015) package TopGO (v2.36.0; Alexa & 

Rahnenfuhrer 2016) in R (v3.6.1; R Core Team, 2019). TopGO was run using the algorithm 

“weight01” and the enrichment tested using the “ks” test, using the p values from the 

pairwise comparisons as scores. The GO terms per gene were obtained from Ensembl 

Metazoa using the Bioconductor package biomaRt (v2.40.1; Durinck et al. 2009).  
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Results 

Most genes have a caste-tissue effect 

Out of the 10,430 genes analysed, we found 135 genes which showed at least one caste 

difference between castes in all tissues, of these, 24 were always differentially expressed 

between queens and workers, 41 between males and queens and 42 between males and 

workers. Assuming that these patterns are a proxy for overall differences between castes, 

they show that differences within reproductive status (males vs queens) are bigger than 

within sex (workers vs queens). The results of the general GO terms enrichment analysis 

between castes across tissues (available in Online Annex II at http://bit.ly/OnlineAII) show 

several terms that appear in all comparisons, including “translation” (GO:0006412), 

“oxidation-reduction process” (GO:0055114), or “nucleoside metabolic process” 

(GO:0009116). Additionally, processes involved in lipid metabolism such as “lipid transport” 

(GO:0006869) or “lipid metabolic process” (GO:0006629) were present in at least two of the 

comparisons. These biological processes and related cellular component categories such as 

“ribosome” (GO:0005840) are thus likely to play an important role in caste differences.  

Tissues have varying levels of caste-specific differences 

The total number of differentially expressed genes between castes in different tissues is 

variable (Fig 6.2, see also Fig AII.8). The most marked differences were found in antennae 

and fat bodies. Antennal tissue had many more differentially expressed genes between 

males and females (workers or queens; 1881 and 1601 respectively) than between workers 

and queens (453). Hence, by this criterion, it was the tissue showing the most differentiation 

between the sexes, irrespective of reproductive status. Such a pattern could be indicating 

that queens and workers antennae are more functionally diverse than those of males. Fat 

body showed a different pattern. In this case queens had more differentially expressed 

genes when compared to the other two castes (3399 for queens vs workers and 3324 for 

queens vs males) than the comparison between males and workers (1917). These numbers 

are consistent with the different roles of fat stores in the different castes. For instance, both 

males and queens need long-term storage for flight, as opposed to workers. Additionally, the 

fat tissue in insects are involved in the production of proteins and metabolites which are 

likely to vary across castes such as vitellogenin, which is known to be expressed mostly in 

queens (Arrese & Soulages 2010). Malphigian tubules and midgut have the lowest 

differentially expressed genes for any comparison (361 genes differentially expressed 
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between queens and workers), consistent with similar amounts of digestion/detoxification 

taking place in different adult castes 

 

 

  

Figure 6.2. Number of differentially expressed genes in all tissues common to all castes for 
each comparison. The total number of differentially expressed genes range from 361 
(minimum number of differences in the Malphigian tubules/midgut) up to 3399 (maximum 
differences in Fat body). The area of the polygon for each comparison is a measure of the 
total number of differences across tissues.  
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Fewer tissues have genes with male-biased expression, but fewer genes 

have queen-biased expression 

Differences among tissues 

The analysis of the biases in expression, broadly showed equity among the castes – 

approximately one third of the genes showing significant differences in expression-level were 

most highly expressed in each caste. There were, however, small but discernible differences 

among tissues (the points in Fig 6.3, are displaced from the centre of the triangle towards an 

apex corresponding to a particular caste). The vast majority of tissues had more queen-

biased genes (Antenna, Malphigian tubules/midgut, Thoracic muscle, Rectum, Legs, Brain, 

Mandibles, Eye, Corpse), the rest had a slight bias towards either workers (Abdominal 

ganglia, Sternites and Tergites) or males (Fat body and Crop). The most biased tissues were 

Antenna for queens (56% of differentially expressed genes are queen-biased), Crop for 

males (37% of differentially expressed genes are male-biased) and Sternite for workers 

(39% of differentially expressed genes are worker-biased). 

Differences among loci 

When the patterns for each gene are averaged across tissue, however, there were fewer 

strongly queen-biased genes, and more genes highly expressed in males and workers 

(shown as points displaced from the centre of Fig AII.9) towards the corresponding apex). 

The genes with the highest expression level in each caste (relative to the other two) were: 

“vitellogenin-2” for queens (LOC105205782), “fatty-acid amide hydrolase 2-B-like” for males 

(LOC105204825), and “pheromone-binding protein Gp-9” (LOC105194487) for workers.  
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Groups of genes within gene families show expression patterns 

consistent with subfunctionalisation 

We analysed the expression patterns across all tissues for 3 gene families: vitellogenins 

(Vg), odorant binding proteins (OBPs) and chemosensory proteins (CSPs). We found that in 

all three cases, groups of genes within the family displayed different expression patterns. 

This pattern is indicative of genes performing different functions within gene families. 

Vitellogenins (Vgs) 

S. invicta has 4 types of vitellogenin (Vg1, Vg2, Vg3, Vg4) as a result of a series of gene 

duplication events. We find that Vg2 and Vg3 were highly expressed across all tissues in 

Figure 6.3. Expression bias in each tissue. Each point represents a tissue, and its location 
shows the bias towards expression in different castes. Most tissues cluster around a central point 
with an equal proportion (33⅓ %) of genes biased towards each caste (‘biased’ here indicates 
genes with significantly higher expression in that caste). Points displaced toward an apex have 
more genes biased towards the corresponding caste. The points closest to each apex are 
separated by red lines. The scale along each edge of the triangle shows percentage of biased 
genes in the comparison between a pair of castes. 
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queens but not other castes (Fig 6.4a). Expression levels of both of these genes were 

highest in the fat body and tergite and lowest in the ovaries.  

Expression of Vg1 was present in all three castes being highest in the workers and lowest in 

the males. The fat body, tergites and sternites of workers had the highest tissue-level 

expression. Expression of Vg4 had high expression levels in all three castes in the 

antennae, brain and abdominal nerve ganglia; the highest expression was in males.  

Chemosensory Proteins (CSPs) 

There are 21 CSPs in the fire ant genome. We find some CSPs with antenna biased 

expression in our dataset (CSP1, CSP7 in workers and queens & CSP19)(Fig 6.4b).  

 

Ten of the CSPs (CSP8, CSP9, CSP10, CSP12, CSP13, CSP15, CSP16, CSP17, CSP20 & 

CSP21) were expressed at high levels across many of the external, cuticular tissues 

sampled, particularly in the sternite, tergite and legs but in some cases also in the mandibles 

(CSP8, CSP9, CSP12, CSP16, CSP17 & CSP21), antenna (CSP9, CSP12, CSP15, CSP17 

& CSP21) and the crop (CSP15). This general expression pattern was usually found in all 

castes but in some cases there was slightly higher expression in workers (CSP8, CSP16, 

CSP17, CSP20 & CSP21) or in male antenna (CSP17 & CSP21). 

  

Other CSPs show a wide variety of expression patterns across our dataset including high 

expression in the rectum of all castes (CSP2), high expression in the spermatheca (CSP3 & 

CSP5) and high expression in the ovaries (CSP4 & CSP6). 

Odorant Binding Proteins (OBPs) 

The fire ant genome contains 24 annotated OBPs, 9 of which are within a supergene region 

subjected to low recombination and linked to different forms of social organisation within this 

species. 

In our analyses we found two common patterns of expression amongst the OBPs (Fig 6.4c). 

Eight of the OBPs showed tissue specific expression in the antennae (OBP1, OBP2, OBP5, 

OBP6, OBP11, OBP14 & OBPZ1), brain (OBP10 & OBP14) and abdominal ganglia (OBP10 

& OBP14) in all castes.  

Seven of the OBPs (OBP3/Gp9, OBP4, OBP12, OBP13, OBP15 & OBP16) showed a higher 

expression in workers and queens across all tissues, with highest expression in the fat body. 

These OBPs not only cluster together based on their expression profiles, but in a 

phylogenetic analysis of their DNA sequence they also form a monophyletic cluster, which, 

in addition corresponds with their location in the supergene of S. invicta (Fig 6.5).  
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The rest of the OBPs also show expression patterns that are not necessarily consistent with 

genes involved in olfaction. OBP9 for example is only expressed in the testes of males while 

OBPZ2 is only expressed in the spermatheca of queens. 

a) 

 

b) 
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c) 

 

 

  

Figure 6.4: Heatmap showing the expression patterns of all a) vitellogenins (Vgs), 
b) chemosensory proteins (CSPs) and c) odorant binding proteins (OBPs) across 
body parts (top axis) and castes (bottom axis). Each row represents one gene, each 
individual cell is a combination of gene, caste and tissue. Gene expression is 
measured as the logarithm of transcripts per million (TPM) + 1 for each gene. That 
is, the logarithm of the relative abundance of transcripts from each gene compared 
to the total of RNA molecules in the dataset. Note that some cells are empty, where 
the tissue was not available for a specific caste. The genes are ordered by similarity 
in expression patterns, that is, genes with similar expression patterns overall are 
plotted next to each other. The three code letters for tissue correspond to: Ant, 
antennae; Fat, fat bodies; Eye, eye; Man, mandibles; Leg, legs; Ter, tergites; Ste, 
sternites; Bra, brain; Mus, muscle (thorax only); Gan, abdominal ganglia; Cro, crop; 
Mal, Malphigian tubules and midgut; Rec, rectum; Duf, Dufour gland (queens and 
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Discussion 

We generated the most comprehensive tissue-specific RNAseq dataset for any 

hymenopteran to date. The first analyses resulting from this dataset paint a complex picture 

of the gene expression differences between castes of S. invicta. More specifically, we show 

that caste differences are highly tissue specific, with some tissues seemingly more 

specialised in particular castes. Additionally, the results here show that some gene families 

that have undergone several lineage specific duplications show signs of playing different 

roles in different castes. In all, these results are a big step forward towards the unravelling of 

the molecular machinery involved in caste differences. 

 

 

 

Figure 6.5: Equivalence of clusters of odorant binding proteins (OBPs) based on expression 
patterns (left) or on phylogeny (left, phylogeny based on the results from (Pracana et al. 2017). 
The clustering by expression patterns forms three clusters, whereas phylogenetically there are 
two big clusters of OBPs. Of these two clusters, the bottom one (pink) corresponds to all OBPs 
linked together in the supergene of S. invicta. This phylogenetic cluster corresponds roughly (with 
the exception of SiOBP14 and SiOBPZ3) with the bottom (pink) cluster by expression patterns. 
This pattern suggests that phylogenetically close genes have similar expression patterns across 
different body parts and castes, and, therefore, potentially similar functions.  
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Across tissues general expression patterns in caste differences 

Our results emphasise the importance of considering tissue-specific data when it comes to 

test for gene expression differences between morphologically diverse individuals. Most 

tissues had thousands of genes being differentially expressed between castes. Conversely, 

only a few (135) showed caste differences in all tissues and none showed consistent 

differences between the three castes in all tissues.  

These findings are congruous with previous work performed in honey bees, in which multiple 

genes were found to be involved in division of labour within workers, rather than a single 

“caste gene” (Johnson & Jasper 2016). These caste-biased genes are, additionally, likely to 

be pleiotropic, given that they are expressed in all body parts. This result, again, supports 

previous findings using tissue-specific data from honey bees which suggest that caste is 

defined by highly pleiotropic genes (Jasper et al. 2015). The few hundred genes found here 

consistently differentially expressed between castes could be used as an initial list of 

candidate genes that could be acting as “master genes” for caste differences. Such a list 

would not be complete, however, unless different developmental stages were also 

considered, since expression biases between castes are known to appear at different stages 

in ants (Ometto et al. 2011; Morandin et al. 2015). 

When averaging expression across tissues, we found a large number of genes showing 

expression differences between males and workers, fewer between males and queens, and 

least between workers and queens. These patterns are consistent with the fact that workers 

and queens share sex, males and queens share reproductive status but workers and males 

share neither. Another pattern is that workers have more highly expressed genes compared 

to males and queens. This pattern would be a consequence of the higher diversity of 

environments that workers face compared to the other castes (Feldmeyer et al. 2014). Both 

these patterns are consistent with previous work using whole-body expression data (Ometto 

et al. 2011) and are, therefore, what we would expect when considering the expression 

patterns averaged across all tissues. 

The general GO terms analysis, considering all tissues together, reveal that some functional 

groups seem to be involved in all caste differences. Specifically, “translation” and 

“translational elongation” (GO:0006412 and GO:0006414), “oxidation-reduction process” 

(GO:0055114) and processes related to lipid metabolism (GO:0006629 and GO:0006869). 

The later two terms may be explained by both queens and males having the ability to fly, 

which requires a high energetic demand (Helms, 2018). Lipid metabolism could also be 

indicating differences in cuticular molecules, used for chemical communication in social 

organisation, which are tightly linked to lipid metabolism (examples are reviewed in (Richard 

125



& Hunt 2013). To further this argument, “sensory perception of taste” (GO:0050909) is one 

of the top 3 terms enriched in the comparison between queens and workers. This term is 

associated with the neurological processes involved in the processing of environmental 

chemicals. In other words, the seven genes associated with it are likely to play a role in 

chemical perception. Finally, the fact that translation is a process enriched in all comparisons 

could be pointing at the relevance of alternative splicing as a molecular mechanism 

underlying caste differences. It is important to note that alternative splicing has been shown 

to play an important role in caste differences in other social insects (Foret et al. 2012; Price 

et al. 2018; Glastad et al. 2016).  

Our tissue-specific data reveals important patterns that are not seen in whole body studies, 

or in our aggregated data (averaged across tissues). Even though workers and males have 

a larger proportion of highly expressed genes, the results here show that queens had a 

single gene (Vitellogenin 2) which was consistently highly expressed across all tissues, and 

had negligible expression in the other two castes. Neither males nor workers had a 

comparable gene with higher expression across all tissues. The higher expression of 

Vitellogenin 2 in S. invicta queens was already known (Wurm et al. 2011), but only with the 

tissue-specific data used here does the exclusive nature of this bias become clear. In other 

words, our results support the idea of a potential “queen gene” (understood here as a gene 

consistently linked to the queen phenotype, but not necessarily causal), but not that of 

“worker” nor “male” genes, and certainly not a “caste gene”.  

Tissues show different levels of caste specificity 

Further patterns emerge from the analysis of the different tissues. For instance, most tissues 

in common between all castes have more genes exhibiting a bias towards females (i.e. 

showing significantly higher expression in queens or workers). This pattern was not seen 

when expression is averaged over tissues, on the contrary we have seen, in those data, 

there were fewest genes biased toward queens. These expression patterns suggest that 

some tissues are more specialised to perform a particular task in a specific caste. For 

instance, the eye has many queen and male biased genes compared with other tissues and 

very few worker biased genes. These general expression patterns can be linked to the 

different functions of the eye in each caste. In workers, the eye is small compared to the 

other two castes. Males, on the other hand, need accurate vision to be able to identify 

females in the mating flight (Shik et al. 2013). As a result, they tend to have larger, more 

complex, eyes – a pattern which can be explained by the importance of vision in males, for 

which fitness depends largely on successfully finding a mate (Narendra et al. 2011). A 

comparable argument can be made for queens. Even though mature egg-laying queens 
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spend most of their lives underground (where vision is not critical for their survival), the 

queens used here were virgin alates. These are queens that have yet to find a mate in a 

mating flight, and therefore refined vision would be required to find a mate and establish a 

colony (Shik et al. 2013). The antenna tissue show a completely different pattern: far fewer 

genes were highly expressed in males than in either queens or workers. Again this pattern is 

consistent with what can be inferred from the morphology and histology of the tissue and the 

associated behaviours: male antennae are shorter in S. invicta than those in the other 

castes. The antennae of both queens and workers perform a wider range of functions, which 

presumably explains why male antennae have fewer antennal sensilla (Nakanishi et al. 

2009) and fewer antennae-specific muscles (Ehmer & Gronenberg 1997) across a number 

of ant species. In short, male antennae are specialised in fewer tasks than those of other 

castes. The examples of eye and antennae suggest that the number of highly expressed 

genes can be used as a measure of the degree of specialisation of a tissue in a specific 

caste. 

Using this measure, the least specialised tissues are the midgut and Malphigian tubules, that 

is, organs that deal with nutrient reabsorption and detoxification (reviewed in (Phillips et al. 

1987; Dow 2009). The most differentiated tissues are the fat bodies. This result is credible, 

since arthropods’ fat bodies synthesise hormones and pheromones that are then released in 

the haemolymph (reviewed in (Howard & Blomquist 1982). Different castes produce different 

types of pheromones (Hölldobler et al. 1990). Additionally, males and virgin queens need to 

store large amounts of energy for flying in the fat bodies (examples in Helms, 2018). Finally, 

queens need additional energy input for egg production (Tschinkel 1993). All these different 

functions of the fat body could contribute to the highly differentiated expression patterns 

described here. 

Expression patterns can also be used to obtain additional information on tissues for which 

the function is incompletely known in S. invicta. For instance, the Dufour gland is known to 

produce trail pheromone in workers (Vander Meer et al. 1988). It may also be involved in 

producing queen pheromone in queens (Vargo & Hulsey 2000), but to date, its specific 

function in queens is unknown. The expression results show more highly expressed genes 

for queens in the Dufour gland than for workers. That would imply that the Dufour gland in 

queens is more specialised or, at least, is performing more diverse functions than in workers. 

Dufour glands are involved in the production of sexual pheromones for male attraction in the 

ant Formica lugubris (Walter et al. 1993). Although this function has not been shown in S. 

invicta, it could be that a similar pheromone is produced by virgin queens before the mating 

flight.  
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Several gene families show expression patterns consistent with 

subfunctionalisation 

The 4 copies of the vitellogenin gene in S. invicta seem to be playing very different roles 

owing to their expression patterns. The equivalent gene for vitellogenin in Drosophila 

melanogaster, the yolk protein gene, is involved exclusively in egg formation and is 

expressed mostly in the fat bodies and oocytes (Isaac & Bownes 1982). Other social insects 

with the vitellogenin gene such as the honey bee Apis mellifera express it in queen fat 

bodies where it is related to egg production too (Guidugli-Lazzarini et al. 2008; Excels 1974). 

In the honey bee, however it has also been found to be expressed in workers, and to play 

different roles – ranging from brood care behaviour to immune response (Seehuus et al. 

2007; Park et al. 2018; Amdam & Omholt 2003). In ants, the vitellogenin gene has expanded 

through several duplication events. In some ant species, members of these vitellogenin gene 

families appear to have caste-specific functions, in an example of subfunctionalisation 

(Morandin et al. 2014; Corona et al. 2013). 

 

The results described here support and expand those previous findings in the vitellogenins 

of S. invicta. Out of the four vitellogenin genes identified in S. invicta (Wurm et al. 2011), two 

of them (Vg2 and Vg3) are exclusively expressed in queens, but they are expressed 

throughout all the tissues. This is not the pattern that would be expected if they were 

involved only in egg production, instead these expression patterns suggest that they may be 

playing a different role, for instance, as a signalling molecule. Vg1 is expressed in all castes, 

again, in most tissues, suggesting that its role is not to produce eggs, not least because egg 

production is limited to queens. This particular copy of the gene is particularly highly 

expressed in fat bodies in workers. Finally, Vg4 is again expressed in all castes, but only in 

nervous tissues, that is, antenna, brain and abdominal ganglia. This suggests a function 

completely different to egg production, and potentially related to communication or 

behaviour, especially given the additional functions of vitellogenin in other social insects 

such as honey bees. 

The different odorant binding proteins (OBPs) in S. invicta also seem to play different roles 

based on their expression patterns. Based on these patterns, OBPs can be classified into 

three broad clusters, one of the groups of OBPs shows relatively high expression throughout 

all tissues, mostly in queens and workers (although some in males too). This group of OBPs 

includes Gp-9 OBP3, a gene which is strongly linked to the alternative social forms of S. 

invicta and that has been considered for decades as candidate gene for explaining the 

differences between these two phenotypes (Keller & Ross 1998; Lucas et al. 2015). This 

128



group of OBPs not only cluster together by expression patterns, but also phylogenetically 

(Pracana et al. 2017), what is more, they are all found within the supergene region. The fact 

that all OBP genes in the supergene region show similar expression patterns suggests that 

they all may be playing a role in the differences in social organisation, not only OBP3. The 

fact that only this particular OBP has been proposed as a candidate and none of the others 

probably stems from the fact that OBP3 is very highly expressed (in some samples, the most 

highly expressed gene in the dataset). This would have made it easier to detect this gene 

and its association with social form in the original allozyme assays (Keller & Ross 1993). The 

OBPs in the other two expression pattern clusters are outside the supergene region. One of 

these groups shows a pattern which is in line with its main function in other arthropods – as 

proteins linked to chemical perception (reviewed in (Pelosi et al. 2005). They are expressed 

mostly in the antenna, but also in other tissues that may be related to chemical 

communication such as the brain, abdominal ganglia and external cuticular tissues. Ants use 

molecules in their cuticule such as cuticular hydrocarbons as a method to recognise each 

other (Hölldobler et al. 1990). These molecules are spread throughout the cuticle, and it is 

thus possible that some OBP genes participate in the production of such signals. In fact, in 

the wasp Polistes dominulus, OBPs have also been found in legs and wings (Calvello et al. 

2003), adding evidence for some OBPs acting as chemical messengers (Pelosi et al. 2005). 

Finally, the third group of OBPs is have low expression in general, with occasional highly 

tissue and caste specific expression. These OBPs might perform very specific functions, and 

be activated only on specific occasions. For instance, OBPZ2 is expressed in the Dufour 

gland and the spermatheca of queens, whereas OBP9 is only expressed in male testes. This 

would suggest that these OBPs could have a role in sexual behaviour, in a similar way to 

OBPs found in the seminal fluid of D.melanogaster (Findlay et al. 2008). 

Chemosensory proteins (CSPs) show patterns which are consistent with chemical 

communication. Most of them are expressed in the antenna and/or in cuticular tissues. They 

do vary, however, in caste-specificity, with some of them being more highly expressed in 

each caste. The patterns found in CSPs are those expected given their roles in other 

arthropods. For instance, they have also been found to be expressed across a wider variety 

of tissues in many arthropod systems including honeybee Apis mellifera embryos (Maleszka 

et al. 2007), the legs of the cockroach Periplaneta americana (Kitabayashi et al. 1998), the 

mouthparts of the moths Helicoverpa armigera and H. assulta (Liu et al. 2014) or gonadal 

tissues in the wing tissue of the locust Locusta migratoria (Ban et al. 2003). In S. invicta 

CSP1 was previously reported as being expressed in the antenna, with which the results 

shown here agree (González et al. 2009; Kulmuni et al. 2013). In all, our results support the 

idea of CSPs being involved in caste differences, potentially in the regulation, production and 

reception of caste-specific chemical signals.  
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Conclusion 

Our results show that the expression differences between castes are highly tissue-specific. 

Most tissues have thousands of genes which are differentially expressed between castes, 

only a few hundred of genes are consistently caste biased across all tissues. These patterns 

support the idea that highly connected genes regulate the differences between castes in 

social insects. Some tissues are more specialised in terms of gene expression in specific 

castes, for instance, eyes have a larger proportion of male biased genes whereas antenna 

has more worker and queen biased genes. The gene families that are known to have 

expanded in the fire ant lineage and are likely to be involved in caste differences show 

expression patterns that are consistent with subfunctionalisation. More specifically, 

vitellogenins, OBPs and CSPs show tissue and caste specific patterns for which the 

functions may vary between egg production in queens to chemical communication.  

 

Our results are the most extensive tissue-specific gene expression data for any 

hymenopteran generated to date. As such, they reveal new molecular mechanisms 

underlying one of the most spectacular polyphenisms in animals: morphological caste 

differences in social insects. Future work will expand on these results, by analysing other 

gene families of interest such as odorant receptors, and particular genes that are known to 

be involved in caste differentiation such as doublesex. Additionally, future work should also 

focus on reconciling genomic data with the transcription data provided here. For instance, 

testing whether duplicated genes are enriched in genes with caste biased expression would 

provide further evidence for the role of subfunctionalisation in caste differences. In addition, 

linking patterns of gene expression differences between castes with selection signatures in 

the genomic sequences would provide more depth into questions about the selective 

pressures emerging from caste differences.  
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Summary and final remarks 

In this thesis I have explored the interplay between phenotypic differences and their 

molecular underpinnings. I have focused on two cases of complex stable polymorphisms 

where differences were either determined in the coding sequence or triggered by 

environmental factors. Both of these two types of phenotypic differences are present in the 

red fire ant Solenopsis invicta. In this social insect colonies can either have a single or 

multiple queens, a difference in social organisation that results in behavioural and 

physiological changes at the colony level. This difference in social form is determined by 

differences in the coding sequence, specifically, a supergene with two variants, SB and Sb. 

On the other hand, S. invicta, as many other ant species, has three morphologically distinct 

castes: queens, workers and males. In this case, all three castes share the same coding 

sequence. Through the analysis of expression patterns and modelling, I have investigated 

the impact of different evolutionary forces in interaction shaping the genome and 

transcriptome underlying complex phenotypic differences.  

The supergene of Solenopsis invicta shows signs of resolved evolutionary conflict. 

This was shown by analysing the expression patterns between social forms and between 

variants of the supergene in two populations of S. invicta from North and South America. 

The results of this analysis showed that the supergene is enriched in genes with differential 

expression between social forms, with Sb (the variant present only in multiple-queen 

colonies) being enriched in multiple-queen biased genes. These patterns are consistent with 

those found in sex chromosomes in the context of sexual dimorphism, and suggest that the 

supergene is enriched with antagonistic loci. In other words, the supergene is enriched in 

genes which may have different fitness effects in either social form, and more specifically, 

Sb is enriched in genes which are likely to be beneficial for multiple-queen colonies. This 

suggests that evolutionary conflict could have resulted in reduced recombination between 

these antagonistic loci in the supergene region. 

The results of the joint gene expression analyses also show that most of the expression 

differences between variants are unrelated to differences within social form. These variant-

specific expression patterns could be due to the ongoing degeneration of Sb, as a result of 

the lack of recombination in this variant. For instance, most genes with expression 

differences between variants but no expression differences between social forms were more 

highly expressed in SB. SB does recombine normally, and is thus subjected to stronger 

purifying selection than Sb. This pattern of expression is consistent with gene specific 

dosage for genes with deleterious mutations in Sb. These results show that evolutionary 
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conflict is likely to play an important role in this particular supergene, but it does not give any 

information about the nature of such conflict.  

Evolutionary conflict favouring the selection for supergenes can emerge from multiple 

processes, including from standing variation in antagonistic variants in two or more 

phenotypes in the same population or from locally adapted populations with gene flow 

between them. A model using parameters from the life history of S. invicta showed that 

gene flow is the most likely process to favour the emergence of the social 

chromosome. The model simulates the spread of antagonistic alleles with or without linkage 

to the supergene and under different levels of gene flow between social forms. The 

parameters controlling gene flow between social forms are estimated using data from natural 

populations. The results of the simulations show that, without linkage, antagonistic alleles 

tend to become fixed or lost in the population. There is only a narrow range of circumstances 

under which both are present in equilibrium in the population. Additionally, changes in the 

gene flow have a very strong effect in the outcome of the simulations. More specifically, the 

set of circumstances for which both antagonistic alleles exist at an equilibrium varies widely 

depending on the strength of the gene flow between social forms. In natural populations, and 

over evolutionary time, gene flow between social forms is likely to change, which implies that 

it is very unlikely that both antagonistic alleles exist at an equilibrium over an extended 

period of time. Consequently, it is very unlikely that selection would favour the formation of 

supergenes only from standing variation. When the antagonistic alleles were linked to the 

supergene, however, gene flow between social forms had a smaller impact on the spread of 

the antagonistic alleles. In addition, in most cases both alleles were kept in equilibrium in the 

population. From these results I hypothesised that the supergene emerged as a strategy to 

“shield” antagonistic alleles from the influence of gene flow, making it more difficult for any of 

the alleles to become lost in the population. Linkage to the supergene would not necessarily 

be the strategy that would maximise fitness at a given time point, but it would be the optimal 

strategy over evolutionary time.  

The gene expression datasets available to date for ants in general, and S. invicta in 

particular, are not ideal for investigating differences between castes. This is because such 

datasets are often obtained from a few tissues or whole bodies, giving either a limited or an 

equivocal picture of gene expression differences between castes. For this thesis I generated 

a highly detailed tissue-specific gene expression dataset for adult workers, queens and 

males of S. invicta. This newly generated data shows that gene expression differences 

between castes is highly tissue specific. Only a handful of genes are consistently 

differentially expressed between castes across most tissues. This data also allowed a 
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more detailed analysis of specific gene families, such as OBPs, but also gene families 

encoding for vitellogenins and chemosensory proteins. The results confirm previous findings 

for these groups of genes, and builds upon them, giving a very detailed account of how 

tissue-specific patterns for these genes vary across caste. For instance, for OBPs we show 

that not only do they show caste-specific patterns, but also that these expression patterns 

correlate with their phylogeny. In other words, phylogenetically close OBPs are more likely to 

also have similar expression patterns. This includes the OBPs in the supergene, which form 

a monophyletic group. These results emphasize the idea that by expanding, some gene 

families acquire new functions and play different roles in different castes.  

Overall, this thesis has explored a specific system of stable phenotypic differences and 

contextualised it in a wider theoretical framework. This works in two ways, firstly, I have 

successfully applied existing theory and tools from other systems to the very specific case of 

S. invicta. Secondly, the results obtained here expand and make a more general case for the 

existing theory on supergenes and complex stable polymorphisms. For instance, I have 

applied the concepts and techniques emerging from the study of sexual conflict and sex 

chromosomes to the social chromosome. This theoretical framework has allowed me to ask 

the relevant questions and to interpret the results in the light of years of previous research 

on a similar system. At the same time, it shows that the body of research reserved thus far to 

sex chromosomes and sexual conflict can be applied more broadly, to a whole set of 

increasingly relevant supergene systems. Similarly, the model I have built was based on 

previous work relating to linkage of sexually antagonistic alleles to sex chromosomes. The 

results I obtained are in line with predictions of earlier abstract theoretical models on the 

evolution of supergenes (e.g. Turner 1967). Therefore, by applying life history traits of S. 

invicta to existing models of sexual antagonism I have produced results which can be 

generalised using classic supergene theory. The results from this thesis are evidence that 

stable differences in complex phenotypes share many general evolutionary and molecular 

mechanisms. The body of work and theory based on one system can thus often be 

generalised to account for the wider phenomenon of discrete phenotypic differences in 

populations connected by gene flow. This could be of interest, for instance, in seemingly 

unrelated processes, such as speciation, where, evidence increasingly shows, supergenes 

may also play an important role (Kirkpatrick & Barton 2006; Barth et al. 2017; Lucek et al. 

2019). 

Finally, with the work carried out in this thesis I have generated the largest tissue-specific 

gene expression dataset for any hymenopteran to date. This dataset will allow future 

researchers to explore the molecular underpinning of caste differences with high resolution. 
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Additionally, this dataset will be integrated with already existing tissue-specific gene 

expression data in other organisms, allowing for the study of gene expression evolution 

across animals. 

Of course, due to the time limitations of a PhD thesis, many interesting research questions 

cannot be addressed. In the following section I will address potential avenues of future 

research given the data and results obtained for this thesis. 

Future work 

Here I have shown that only a handful out of the >400 genes in the S. invicta supergene are 

potentially involved in differences between social forms. Using the techniques described 

here it is not possible to know with certainty which are these genes or what function they 

could be playing. Carrying out functional analyses in social insects is very challenging, the 

phenotypes of interest (colony behaviour) are complex, and the generation time is of about 3 

years for S. invicta. Despite these difficulties, gene modifications have been recently carried 

out successfully in social insects (Yan et al. 2017; Trible et al. 2017). Here I have identified 

several candidate genes that could be functionally tested. Of special interest are the genes 

encoding for OBPs located in the supergene. Many of these have protein coding differences 

between variants, and at least one of them is present only in Sb. An assay where these 

genes were modified in Sb only (for instance, by methods such as CrISPR-Cas9) could 

provide detailed insight into which genes are relevant, and how, with regards to explaining 

the differences between social forms.  

Many of the techniques used here to detect signs of conflict using gene expression patterns 

only do so indirectly. That is, general expression differences between phenotypes can give 

an idea of the extent of the evolutionary conflict, and can detect genes in which conflict has 

already been resolved (Mank 2017). None of the tools here can, therefore, detect genes 

currently under evolutionary conflict. To do so, it would be necessary to use similar 

approaches to those used in Cheng & Kirkpatrick (2016) or Wright et al. (2018), where 

measures of genetic diversity were used along with differential expression between sexes to 

detect ongoing sexual conflict. Theory goes that loci under sexual conflict will be under 

balancing selection in a population, as they spend 50% of the time in each sex (provided that 

they are on the autosomes, which is the case for most of them). Therefore, a harmful locus 

for one sex but beneficial for the other would simultaneously increase and decrease its 

frequency in a population with no sex bias. According to this idea, loci under conflict should 

show increased genetic diversity, as other loci under balancing selection do (e.g. immune 
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genes). This approach could be used in S. invicta, to detect genes under evolutionary 

conflict between social forms, but also between castes. For the comparison between social 

forms new data would need to be generated. For detecting genes under conflict between 

castes, however, future work could use existing genomic data, along with the tissue-specific 

expression data generated here. More generally, genomic data along with the expression 

differences between castes could be used to detect evolutionary patterns associated with 

caste differences. For instance, genes which are expressed in queens are expected to be 

under stronger selection than those expressed in workers. This is because queens transmit 

their genes directly to the next generations, whereas workers only do so indirectly through 

the queens to which they are related (Warner et al. 2017; Linksvayer & Wade 2016). This 

hypothesis could be tested with the data generated here. Similarly, selection against male 

genes could be even stronger. This idea comes from the fact that males also transmit their 

genes directly to the next generations but, in addition, they are haploid. Because haploid 

individuals are more likely to expose recessive alleles to selection, selection would be 

expected to also be stronger. To explore these ideas new genomic data would have to be 

generated. Taking colony as a biological replicate, we would ideally extract DNA from 50 

colonies of each social form, to reach a similar sample size to that used in Cheng & 

Kirkpatrick (2016) or Wright et al. (2018). Within each colony, we would extract DNA from 

pools of about 10 individuals from each caste (workers, queens and males), amounting to a 

total of 300 DNA samples. Ideally, we would use colonies from the native South American 

range, to avoid any artefacts caused by the bottleneck of the invasive populations when 

measuring genetic diversity. At Queen Mary there are currently many individuals from 

several hundred colonies collected from the native range in 2016 and stored in freezers at -

80ºC. This material could be used to perform this analysis, which would save the time and 

money of a field trip to collect new samples. Still, performing 300 DNA extractions and 

sequence that material will be time and resource- consuming. It would probably take a year 

and an additional grant to perform this next step.  

Similarly, it would be interesting to investigate transposable element activity in different 

castes. According the superorganism hypothesis, in social insects, males and queens act as 

the germline of an individual, whereas workers represent the soma (Boomsma & Gawne 

2018). Transposable elements are known to be mostly active in germline tissues in the 

majority of organisms (Bourque et al. 2018). According to the idea of superorganismality, 

transposable elements should therefore be active mostly in queens and males. Previous 

studies have shown that transposable elements are more highly expressed in reproductive 

individuals in other social insects (e.g. the honeybee; Wang et al., 2017). These studies, 

however, are based on expression data from whole bodies. With the data generated here, 
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we could fine tune which tissues in particular express transposable elements. Based on 

previous evidence (Bourque et al. 2018), we would expect the gonads of both males and 

queens to have higher expression of transposable elements than any other tissue. 

Interestingly, due to the differences in ploidy and life history between males and queens the 

patterns of transposable element expression are likely to be different in each caste. As 

discussed earlier, because males are haploid in ants, selection is likely to be stronger in this 

caste. Given than any deleterious effect of transposable element expression would be higher 

in males, selection against its expression in male gonads could be stronger than in that of 

queens. There are some transposable elements identified in S. invicta based on whole body 

expression data (e.g. Nipitwattanaphon et al., 2014). With the RNAseq dataset generated 

here, new transposable elements could be identified. To do so, the raw alignments could be 

used to find transposable elements from databases. Including manual curation, detecting 

and analysing new transposable elements in the fire ant should not take more than 6 months 

from now, and would be a very interesting next step for this project. 

 

Finally, the model presented in this thesis has shown interesting qualitative general patterns. 

Namely, it shows that gene flow between social forms varies very strongly owing to 

demographic and environmental factors. It would be interesting to estimate, with a more 

quantitative approach, to what extent (and how) these different factors affect the gene flow. 

To this end, a bottom-up modelling approach such as an individual based model would be 

ideal and would produce highly relevant results to better understand the life history of S. 

invicta. 

These future steps should build on the work described here, and expand our understanding 

of the complex interactions between genotypes and phenotypes. Ultimately, the body of 

work presented in this thesis and the new avenues of research it opens will result in a better 

understanding of the general processes governing the evolution of phenotypic diversity and 

plasticity. 
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Annex I 

Texts 

Text AI.1: RNA extraction protocol 

Preparation: 

1P) Label as many screw-cap 2mL tubes as samples to extract. 

2P) Label twice as many 1.5 mL Eppendorf tubes as samples to extract (one batch for RNA, 

the other for DNA) 

3P) Fill tubes with 1g of ceramic beads and keep the tubes in dry ice. 

4P) Move samples from the -80ºC freezer into dry ice. 

5P) Use soft and hard forceps in a petri dish over dry ice to separate the abdomen, the 

thorax and the head of the queens as well as the the head of the workers. 

6P) Move all parts of queens into separate 2mL screw-cap tubes. 

7P) Move the body of the worker into a screw-cap tube. The head will be kept in the -80ºC 

freezer in case the DNA extraction with Trizol fails. 

8P) Add 400 μL of Trizol to all samples, still in dry ice. 

9P) Homogenise samples in the FastPrep 1800 rpm 1 min, then 1 min to settle, 3x 

10P) Add 80 μL chloroform, vortex 10 sec, save aqueous for RNA. Incubate at room 

temperature for 3 min. 

11P) Pipette aqueous phase to the RNA tubes (Use RNAse-free tubes). Save pink (organic) 

phase for DNA extraction. See below for DNA protocol 

 

RNA extraction 

1R) Pipette 200 μL of isopropanol (RNAse-free) into RNA tubes. 

2R) Centrifuge at maximum speed 30 minutes, at 4ºC.  

3R) Wait overnight at -20 ºC, the RNA “drops” to the bottom and forms a better, but still 

small, pellet. 

4R) Wash with 75% ethanol 100 μL, 1-5 min RT, centrifuge maximum speed 5 min 

6R) Air dry upside-down on a towel. Dissolve in 11 μL of RNAse-free water. 

8R) Qiagen RNeasy microkit spin column for RNA purification 

9R) Store at -80 C. 

 

DNA extraction : 
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1D) From 11P, transfer pink organic phase to a new tube to separate it from the beads. 

2D) Add 120 μL of 100% ethanol to the pink organic phase. Mix well by flicking, do not 

vortex. It can store the DNA at 4 C overnight at this step. 

3D) Wait 5 min, centrifuge at 2000 g for 5 minutes at 4º C. Some ant debris may remain, this 

is not a problem. 

4D) Carefully remove the liquid using a pipette and discard. Leave any solid material. 

5D) Wash DNA with 400 μL of 10% ethanol, 0.1M NaCitrate, mix, wait 15 min, mix, wait 15 

min (or overnight). 

6D) Centrifuge 2000 g for 5 minutes at 4º C. Remove liquid by pipetting. 

7D) Repeat 5D + 6D 

7D) Wash DNA with 800 μL of 75% ethanol, mix, wait 15 min, mix, wait 15 min 

8D) Centrifuge 2000 g for 5 min and carefully remove liquid. Invert to dry on a towel (~15 

minutes). 

7D) Dissolve DNA in 38-40 μL of fresh 8mM NaOH. Leave overnight at 4 Cº. 

8D) Centrifuge at maximum speed for 10-15 minutes. 

9D) Transfer liquid to new tubes. Add 2 μL of 1M Tris pH 7.6 

10D) GenElute Mammalian Genomic DNA Miniprep Kit spin column for DNA cleaning. 

11D) Store at -20º C. 

Text AI.2: Quality control of RNAseq datasets and alignment to 

reference 

For all datasets, we assessed read quality using fastQC (v0.11.5; 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). We removed low quality bases 

using fqtrim with default parameters (v0.9.5; http://ccb.jhu.edu/software/fqtrim/) and Illumina 

adapters using Cutadapt (v1.13; Martin 2011). We then generated a STAR (v2.5.3a; Dobin 

et al. 2013) index of the S. invicta reference genome (version gnG; RefSeq GCF_00018807; 

(Wurm et al. 2011) while providing geneset v000188075.1 in GFF format through the 

‘sjdbGTFtagExonParentTranscript=Parent’ option. As recommended by STAR’s developers, 

we aligned each sample to the reference twice, using the ‘out.tab’ file for the second run, 

and set ‘sjdbOverhang’ to the maximum trimmed read length minus one, i.e., 74 for the 

Wurm et al. (2011) and (Morandin et al. 2016) data and 149 for the South American 

colonies. Alignments were run in parallel using GNU Parallel (v20150922; Tange 2011). All 

these steps and downstream analyses were performed on the Queen Mary University of 

London’s High Performance Cluster (King, Butcher, and Zalewski 2017). 
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We further assessed aligned reads (i.e., BAM files) using MultiQC (v1.5; Ewels et al. 2016) 

(results available in Supplementary Material) and the BodyGene_coverage.py script of the 

RSeQC toolkit (v2.6.4; Wang et al. 2016). 

Text AI.3: South American populations DNA-seq details 

For each individual, we extracted 1 µg of genomic DNA using a phenol-chloroform protocol. 

The extracted material was sheared to 350 bp fragments using a Covaris (M220). We 

constructed individually barcoded libraries using the Illumina TruSeq PCR-free kit. The 

libraries were quantified through qPCR (NEB library quant kit). An equimolar pool of the 46 

libraries was sequenced on a HiSeq4000 at 150bp paired reads. The sequencing produced 

an average of 17,790,416 pairs of reads per sample, with a maximum of 38,823,285 and a 

minimum of 7,910,042. 

Text AI.4: Additional steps for the GATK analysis 

A reading group ID per sample was added to all the generated BAM files using the 

‘AddOrReplaceReadGroups’ tool from Picard (v 2.7.0-SNAPSHOT; 

http://broadinstitute.github.io/picard/). GATK needs a genome reference index and dictionary 

(‘fai’ and a ‘dict’ files) to work. The former was generated using the ‘index’ option from 

Samtools (v1.3.1; Li et al. 2009) and the latter using the tool ‘CreateSequenceDictionary’ 

from Picard. 

Text AI.5: Individual ASE analyses for the North and South American 

populations 

The Wurm et al. (2011) RNA-seq data was analysed using ‘sample’ as a blocking factor and 

‘variant effect’ as variable of interest. The South American RNA-seq data was analysed 

using ‘body part’ and ‘colony of origin’ as blocking factors, and the ‘variant effect’ as variable 

of interest. This analysis allowed us to detect differences in expression between variants 

specific to body part. Preliminary analyses showed that the interaction between ‘variant 

effect’ and ‘body part’ had no significant effect in any of the genes, and consequently, only 

the main ‘variant effect’ was considered as the factor of interest for this analysis. 

In both analyses, the gene differences between variants are reported as logarithmic fold 

differences between the SB and the Sb counts. That is, genes with biased expression 

towards SB will produce positive logarithmic fold differences whereas those biased towards 
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Sb will produce a negative value. To check whether there was an overall bias towards either 

variant, we tested the significance of the deviation from 0 for the median logarithmic fold 

differences between SB and Sb via a Wilcoxon sum rank test. 

Text AI.6: Results for within-population supergene variant specific 

expression analyses 

69 genes within the supergene region were considered for the analysis of the South 

American dataset. From these, 10 were differentially expressed between variants, 6 being 

more highly expressed in SB and 4 in Sb (Annex I, Table AI.4a). Overall, the variant-specific 

expression levels were similar between SB and Sb (Median of logarithm fold differences = -

0.06, Wilcoxon sum rank test p value = 0.38). From all differentially expressed genes 

between variants in South America, 50% (i.e. 5 out of 10) were also differentially expressed 

in North America according to the linear mixed effect model (Fig. 2.1).  

This analysis was repeated using queens from North American populations of S. invicta 

Wurm et al. (2011) (Annex I, Fig AI.2, Table AI.4b). Out of these, 27 showed significant 

allele-specific expression. Of all variant-specific differentially expressed genes, 15 were 

more highly expressed in SB, and 12 in Sb, a non-significant difference from what would be 

expected by chance (Binomial test p value = 0.7). As with the populations from the native 

range, we found no significant bias in expression of either variant (Median of logarithm fold 

differences = -3 x 10-17, Wilcoxon sum rank test p value = 0.45).  

The independent analysis in each population has less power than the joint analysis with the 

linear mixed effect models, because the information across populations is lost. In spite of 

this, the independent gene expression analyses found 2 genes that were significantly 

differentially expressed across populations that were also detected in the linear mixed effect 

model, namely: ‘ejaculatory bulb-specific protein 3’ (LOC105193134) and ‘carbohydrate 

sulfotransferase 11-like’ (LOC105199531).  

Text AI.7: Expression differences between social forms 

To add more robustness to the results obtained from the comparison between social forms 

(Morandin et al. (2016) data), the expression levels of single-queen queens from the 

Morandin et al. (2016) data were compared to those of the multiple-queen queens from the 

Wurm et al. (2011) data. For this, the samples were normalised together using the default 

DESeq2 method. Because these samples belong to different datasets, there are too many 
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confounding factors to estimate significance levels of differential expression. Instead, a 

default DESeq2 analysis was carried out to obtain the logarithm2 fold differences of this 

comparison. These log2 fold differences were then compared using a linear regression to 

those obtained from the comparison using only the (Morandin et al. 2016) data to detect 

common patterns in both datasets. All statistical tests were carried out using R (v3.4.4; R 

Core Team 2017). 

Tables 

Table AI.1: Detailed information for the RNA-seq datasets used in this study. a) Accession numbers 

of the North American RNA-seq datasets. “Project” and “SRA” columns indicate NCBI identifiers. The 

descriptions provided and the sequencing method used are based on metadata available on NCBI 

and in the manuscripts. A sample (marked with an asterisk) was discarded because of very low 

coverage after aligning the reads to the S. invicta genome. b) Details for the South American RNAseq 

dataset. From left to right, the colony name from where samples were taken, the caste used from 

these colonies, the boy parts extracted, the location of each colony in Argentina, the coordinates from 

where the sample was taken and finally, whether or not samples from the same colony were used to 

generate the VCF with fixed differences between Sb and SB. The samples marked with asterisks 

were discarded because of very low coverage after aligning the reads to the S. invicta genome. 

Samples marked with a cross were not used in downstream analyses to keep a balanced design. 
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a) 

Publication Project 
Sequencing 

method 
Body part SRA Description 

Morandin et al 

2016 

PRJDB4

088 

Illumina 

paired-end 

Whole body 
DRS023

315 

Pool of 3 polygyne 

queen 1 

Whole body 
DRS023

316* 

Pool of 3 polygyne 

queen 2 

Whole body 
DRS023

317 

Pool of 3 polygyne 

queen 3 

Whole body 
DRS023

309 

Pool of 3 monogyne 

queen 1 

Whole body 
DRS023

310 

Pool of 3 monogyne 

queen 2 

Whole body 
DRS023

311 

Pool of 3 monogyne 

queen 3 

Wurm et al 

2011 

PRJNA4

9629 

Illumina 

single-end 

Whole body 
SRS377

035 

4 pooled polygyne 

queens 1 

Whole body 
SRS376

911 

4 pooled polygyne 

queens 2 

Whole body 
SRS376

910 

4 pooled polygyne 

queens 3 

Whole body 
SRS376

905 

4 pooled polygyne 

queens 4 

Whole body 
SRS376

904 

4 pooled polygyne 

queens 5 

Whole body 
SRS376

903 

4 pooled polygyne 

queens 6 
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b) 

Colony Caste Body part Town Coordinates 
Represented 

in VCF? 

AR43 
Female alate 

Thorax, head, 

abdomen Ceres -29.88, -61.94 No 

Worker Whole body 

AR3 
Female alate 

Thorax, head, 

abdomen Alta 

Gracia 
-31.65, -64.44 No 

Worker Whole body 

AR28† Whole body Worker Tanti -31.37, -64.52 Yes 

AR118 
Female alate 

Thorax, head, 

abdomen San 

Carlos 
-27.75, -55.89 No 

Worker Whole body 

AR117* 
Female alate 

Thorax, head, 

abdomen Vellejos 

Cué 
-27.61, -57.00 No 

Worker Whole body 

AR114† 

Worker Whole body 
Berón de 

Astrada 
-27.53, -57.56 Yes 

Female alate 
Thorax, head, 

abdomen 

AR112 
Female alate 

Thorax, head, 

abdomen Berón de 

Astrada 
-27.53, -57.56 Yes 

Worker Whole body 

AR111 Female alate 
Thorax, head, 

abdomen 

Berón de 

Astrada 
-27.53, -57.56 Yes 

AR104 Whole body Worker 

Barranque

ras -27.46, -58.91 No 
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Table AI.2: Location of the colonies used to estimate single nucleotide polymorphisms (SNPs) 

between SB and Sb males. Note that individuals from colonies AR102, AR111, AR112, AR114 and 

AR28 were also used to extract RNA for the RNAseq dataset.  

 

Colony Town Coordinates 

AR102 Barranqueras -27.46, -58.91 

AR103 Barranqueras -27.46, -58.91 

AR111 Berón de Astrada -27.53, -57.56 

AR112 Berón de Astrada -27.53, -57.56 

AR113 Berón de Astrada -27.53, -57.56 

AR114 Berón de Astrada -27.53, -57.56 

AR116 Vellejos Cué -27.61, -57.00 

AR122 Carlos Pellegrini -28.54, -57.18 

AR179 Villa Maria -32.39, -63.24 

AR181 Villa Maria -32.39, -63.24 

AR28 Tanti -31.37, -64.52 

AR46 
Santa Fe - Santa 

Rosa 
-31.56, -60.52 

AR58 Médanos -33.44, -59.07 

 

Table AI.3: Table showing the name and RefSeq ID of the seven genes that are significantly 

differentially expressed between the SB and Sb variants of the S. invicta supergene. The significance 

levels were determined using a linear mixed effect models on the logarithm2 fold change of the 

expression differences between SB and Sb. Population was used as a random effect and the 

logarithm2 fold changes were weighted by read count of the gene. The third column in the table 

shows whether that particular gene is also differentially expressed in the comparison between social 

forms (using (Morandin et al. 2016) data), and if so, in which social form it is more highly expressed.  
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Gene description Gene RefSeq ID 

Differentially 

expressed in social 

forms 

carbohydrate 

sulfotransferase 11-like 
LOC105193134 No 

uncharacterized 

LOC105193135 
LOC105193135 No 

pheromone-binding protein 

Gp-9 
LOC105194481 

Higher in multiple-

queen 

retinol-binding protein 

pinta-like 
LOC105199327 

Higher in mutiple-

queen 

ejaculatory bulb-specific 

protein 3 
LOC105199531 

Higher in multiple-

queen 

uncharacterized 

LOC105199756 
LOC105199756 No 

calcium-independent 

phospholipase A2-gamma 
LOC105203065 No 

NADH dehydrogenase LOC105199789 
Higher in multiple-

queen 

Tankyrase LOC105193132 No 

Table AI.4: Genes with significant differential expression between the SB and Sb variant of the S. 

invicta supergene in a) South American or b) North American populations. The significance levels 

were determined by the Wald test in DESeq2. Significance was established as Benjamini and 

Hochberg corrected p values <0.05. The columns in the tables show the name of the gene, its ID 

number in RefSeq, their logarithm2 fold difference for the comparison between variants (values > 0 

are more highly expressed in SB) and in which variant they are more highly expressed 
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a) 

Gene description Gene RefSeq ID 
Log2 fold 

difference 

Highly 

expressed in 

tankyrase LOC105193132 0.95 SB 

carbohydrate sulfotransferase 11-like LOC105193134 1.44 SB 

uncharacterized LOC105193135 LOC105193135 -1.02 Sb 

ejaculatory bulb-specific protein 3 LOC105199531 5.74 SB 

NADH dehydrogenase [ubiquinone] 1 

alpha subcomplex subunit 9, 

mitochondrial-like 

LOC105199789 -3.95 Sb 

ubiquitin-like domain-containing CTD 

phosphatase 1 
LOC105199797 -1.10 Sb 

cytochrome P450 4C1 LOC105202818 1.35 SB 

uncharacterized LOC105203040 LOC105203040 -1.01 Sb 

acyl-CoA Delta(11) desaturase LOC105204968 2.57 SB 

suppressor of lurcher protein 1 LOC105204975 1.60 SB 

 

b) 

Gene description 
Gene RefSeq 

ID 

Log2 fold 

difference 

Highly 

expressed 

in 

carbohydrate sulfotransferase 11-like LOC105193134 1.30 SB 

leucine-rich repeat-containing protein 15-like LOC105193138 2.43 SB 

uncharacterized LOC105193825 LOC105193825 -1.87 Sb 

histone RNA hairpin-binding protein LOC105193831 0.91 SB 

modular serine protease-like LOC105194434 -2.48 Sb 

pheromone-binding protein Gp-9 LOC105194481 -0.76 Sb 

pheromone-binding protein Gp-9-like LOC105194501 -1.68 Sb 

NADH dehydrogenase [ubiquinone] 1 alpha 

subcomplex subunit 9, mitochondrial-like 
LOC105194902 -2.39 Sb 

157



nanos homolog 3-like LOC105195826 -1.74 Sb 

alpha-2-macroglobulin receptor-associated 

protein 
LOC105199295 -0.88 Sb 

dynein regulatory complex subunit 4 LOC105199315 -2.57 Sb 

galactoside 2-alpha-L-fucosyltransferase 2-

like 
LOC105199316 -1.14 Sb 

retinol-binding protein pinta-like LOC105199327 -1.52 Sb 

retinol-binding protein pinta-like LOC105199330 -1.60 Sb 

uncharacterized LOC105199332 LOC105199332 1.73 SB 

ejaculatory bulb-specific protein 3 LOC105199531 1.34 SB 

uncharacterized LOC105199756 LOC105199756 3.03 SB 

cytochrome P450 4C1 LOC105199861 -2.33 Sb 

pre-mRNA-splicing factor Slu7 LOC105202812 4.54 SB 

uncharacterized LOC105202816 LOC105202816 2.88 SB 

pheromone-binding protein Gp-9 LOC105202823 2.94 SB 

calcium-independent phospholipase A2-

gamma 
LOC105203065 1.98 SB 

uncharacterized LOC105203078 LOC105203078 2.38 SB 

cytochrome P450 4C1-like LOC105203086 -2.94 Sb 

histone-binding protein N1/N2-like LOC105203091 0.59 SB 

uncharacterized LOC105204969 LOC105204969 1.77 SB 

uncharacterized LOC105207492 LOC105207492 1.19 SB 
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Figures 

a)                                                                               b) 

 

Figure AI.1: Frequency of mean read depth per called single nucleotide position (SNP) for a) North 

American populations and b) South American populations. Any SNPs with mean coverage higher 

than 16 for the North American samples and 12 for the South American samples were discarded from 

downstream analyses. 
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Figure AI.2: Effect of single nucleotide polymorphisms (SNPs) in Sb on the three candidate genes as 

reported by SNPeff. a) Shows the number of SNPs that affect different positions within the gene, b) 

shows the number of SNPs depending on their potential impact in the protein coding sequence. 
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Figure AI.3: Allele-specific expression for genes in the fire ant social supergene. Differences in 
expression (y axis) between the variants of the social chromosome North American queens only 
(whole body). Only relative expression levels for social chromosome genes that had fixed SNP 
differences between SB and Sb are shown. Significantly expression differences; are indicated by 
green boxes (BH adjusted p value < 0.05 from Wald test in DESeq2). Non-significant differences are 
marked by grey boxes. Within each plot, each box shows the distribution of logarithm 2 fold 
differences between SB and Sb per caste/body part/population. Genes with values above the solid 
line (logarithm 2 fold differences = 0) are more highly expressed in SB and vice versa. 
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Figure AI.4: Density distribution of the logarithm2 differences for the comparison between variants of 

the supergene. The plot shows two distributions, corresponding to genes biased towards single-

queens (pink) and for genes biased towards multiple queens (blue). Genes with negative log2 fold 

differences between variants are biased towards Sb, genes with positive log2 fold differences are 

biased towards SB. Note that the distribution for multiple-queen biased genes is more biased towards 

Sb than that of single-queen biased genes. This difference in the distribution is significant (KS test p 

value < 0.05). The differences between social forms were calculated using data from Morandin et al. 

(2016) and those between variants using data from Wurm et al. (2011). The distribution curves are 

based on data from 314 genes in the supergene region. These correspond with genes for which there 

was expression data for both comparisons. 
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Annex II 

Texts 

Text AII.1: DNA Phenol-Chloroform Extraction for Solenopsis invicta 

workers 

1. Sample preparation 

● Whole ant in an eppendorf tube with 1.5 ml deionised water. 1 hour at RT (room 

temperature) 

● Meanwhile, make up a sodium acetate-ethanol solution. Add 40mL 100% ethanol 

and 2mL 3M sodium acetate solution.  

2. Homogenisation 

● Set the heat block at 55 degrees C. 

● In an eppendorf, add 350 ul CTAB, 10ul Proteinase K (10 mg/mL). 

● Transfer the ant from the water eppendorf to a clean tissue to remove as much water 

as possible, then put it in the CTAB + Prot K eppendorf. Use a pestle to reduce the 

ant into small fragments.  

● Incubate the ant solution on the heat block for an hour. 

3. Phase separation (in fumehood) 

● Pipette 350ul of the lower phase of phenol in each sample tube. Close lid, shake 

lightly 10 times. Load the samples in the centrifuge and leave to rest for 10 min. 

Centrifuge 10 minutes, full power 

● Meanwhile, label 2 series of eppendorf tubes and add 350ul of chloroform in each.  

● Label a 3rd series of eppendorf tubes and add 1mL sodium acetate-ethanol solution 

(prepared earlier). Put series 1 and 2 on the bench near centrifuge, and series 3 in 

the freezer. 

● Pipette the upper phase of each sample into series 1 of eppendorf. Close the lid, 

shake lightly 10 times. Load the samples in the centrifuge and leave to rest for 5 min. 

Centrifuge 10 minutes, full power. 

● Pipette the upper phase into series 2 of eppendorf. Close the lid, shake lightly 10 

times. Load the samples in the centrifuge and run for 5 minutes, full power. 

● Pipette the supernatant into series 3 of eppendorf. Expect to see a DNA pellet. Store 

in -20 freezer for an overnight precipitation. 
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4. DNA precipitation 

● Centrifuge at full speed for 20 min. A DNA pellet should be visible. 

● Remove as much supernatant as possible. 

● Add 500ul of 70% ethanol. Close lid, swing twice. 

● Centrifuge at full speed for 20min.  

● Remove as much supernatant as possible. 

● Add 500ul of 70% ethanol. Close lid, swing twice. 

● Centrifuge at full speed for 20min.  

● Remove all supernatant. Air dry for 10 minutes at RT. 

● Once no ethanol remains in the tube, dissolve the DNA pellet in 20 - 30 ul of low TE 

buffer or deionised water. 

Text AII.2: RNA extraction protocol for S. invicta tissues 

The samples already have 200uL of Trizol, stored in -80ºC freezer 

1.Homogenisation  

● 1 minute at full speed (1800 rpm) in the FastPrep96 

● Add 800uL Trizol and incubate 5 min at RT 

2. Phase separation (in fumehood) 

● Add 0.2mL of chloroform 

● Vortex for 10 seconds 

● Incubate 3 min at RT 

● Centrifuge at 12000g for 15 min at 4ºC 

● Transfer aqueous phase to a fresh nuclease-free 1-5 mL tube  

3. RNA precipitation 

● Add 0.5mL of 100% isopropanol 

● Vortex the solution 

● Incubate at RT for 20 min 

● Centrifuge at 12000g for 10 min at 4ºC 

● Leave sample overnight at -20ºC 

● Centrifuge at 12000g for 5 min at 4ºC 

● Remove the supernatant from the tube 

4. RNA wash 

● Wash the pellet with 1mL of 75% ethanol 

● Vortex briefly, centrifuge at 7500 g for 5 min at 4ºC 
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● Discard the wash 

● Airdry RNA pellet for 5 min 

● Re-suspend in 50uL of nuclease-free water 

● To RNAeasy kit cleaning.  

 

5. RNeasy Mini Kit (Qiagen) spin column RNA cleanup step 

● Adjust the sample to a volume of 100 µl with RNase-free water. Add 350 µl Buffer 

RLT, and mix well. 

● Add 250 µl ethanol (96–100%) to the diluted RNA, and mix well by pipetting. Do not 

centrifuge 

● Transfer the sample (700 µl) to an RNeasy Mini spin column placed in a 2 ml 

collection tube. Close the lid. Centrifuge for 15 s at ≥8000 x g. Discard the flow-

through. 

● Add 500 µl Buffer RPE to the RNeasy spin column. Close the lid. Centrifuge for 15 s 

at ≥8000 x g to wash the membrane. Discard the flow-through. 

● Add 500 µl Buffer RPE to the RNeasy spin column. Close the lid. Centrifuge for 2 min 

at ≥8000 x g to wash the membrane. 

● Place the RNeasy spin column in a new 2 ml collection tube. Close the lid, and 

centrifuge at full speed for 1 min. 

● Place the RNeasy spin column in a new 1.5 ml collection tube. Add 30–50 μl 

RNase-free water directly to the spin column membrane. Close the lid, and centrifuge 

for 1 min at ≥8000 x g to elute the RNA. 
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Tables 

 

Colony 

GPS 

coordinates 

latitude 

GPS 

coordinates 

longitude 

Caste 

extracted 

Sampling 

order 

Dissection 

date 

1 30.308863 N 97.591755 W Males 1 10/01/2018 

5 30.308668 N 97.591361 W 
Reproductive 

females 
8 10/01/2018 

3 30.308795 N 97.591650 W Workers 4 11/01/2018 

2 30.308786 N 97.591629 W Workers 3 15/01/2018 

6 30.308623 N 97.591288 W Males 10 15/01/2018 

19 30.518678 N 96.424410 W 
Reproductive 

females 
13 16/01/2018 

15 30.518455 N 96.424608 W Males 9 18/01/2018 

9 NA NA Workers 14 05/02/2018 

11 30.518821 N 96.424913 W 
Reproductive 

females 
2 05/02/2018 

8 30.308511 N 97.591013 W 
Reproductive 

females 
12 06/02/2018 

13 30.518556 N 96.424056 W Males 5 09/02/2018 

4 30.308765 N 97.591350 W Workers 6 13/02/2018 

14 30.518533 N 96.424538 W Workers 7 21/02/2018 

7 30.308596 N 97.591175 W 
Reproductive 

females 
11 05/03/2018 

20 30.518663 N 96.424358 W Males 15 06/03/2018 

 

 

Table AII.1. Complementary information about the colonies from which individuals were 
sampled for RNA extraction. Columns, from right to left: Colony ID, location of the colony 
(latitude), location of the colony (longitude), caste used for RNA extraction and order in 
which the individuals from each colonies were taken and snap frozen, date in which the 
dissection of the pool of 3 individuals per caste and colony was performed (colony 7 had a 
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Figures 

 

 

 

Figure AII.1: Fraction of variance explained by each principal component for a PCA where 
raw reads were grouped by sample. The first three PCs explain the biggest fraction of the 
variance and are therefore used as explanatory variables for the grouping plots. 

Figure AII.2: PCA analysis by sample, showing PC1 and PC2. Each dot in the plot is a 
different sample, i.e. a replicate of tissue and caste. In this case, samples are grouped by 
replicate, represented by the ellipses and the colour of the dots. A worker replicate (3W) 
seems to be problematic, as many samples from this replicate form a separate cluster. 
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Figure AII.3:  PCA analysis by sample, showing PC1 and PC2. Each dot in the 
plot is a different sample, i.e. a replicate of tissue and caste. In this case, samples 
are clustered by caste (M: males, circles, blue ellipse; F: female alates, triangles; 
green ellipse; W: workers, squares, pink ellipse) and tissue, represented by the 
colour of the dots. Males and females group together, whereas worker samples are 
more scattered.  

Figure AII.4:  PCA analysis by sample, showing PC1 and PC2. Each dot in the plot is a different 
sample, i.e. a replicate of tissue and caste. In this case, samples are grouped by RNA extraction 
batch, which could affect the perceived expression patterns if, for example, a particular batch had a 
higher proportion of RNA degeneration. The PCA analysis does not show any clustering pattern by 
RNA extraction batch, indicating that this effect can be ignored in downstream analyses. 
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Figure AII.5:  PCA analysis by sequencing lane, showing PC1 and PC2. Each dot in the plot is a 
different sequencing lane, i.e. one of the lanes where the libraries were sequenced in either 
flowcell 1 or 2. The plot shows a clustering by flowcell, indicating that, however small, there is an 
effect of sequencing flowcell in the perceived expression patterns that will need to be considered in 

Figure AII.6:  Fraction of variance explained by each principal component for a PCA where raw 
reads were grouped by flowcell lane. All PCs seem to explain a similar fraction of the variance, 
which implies that the underlying differences in variance caused by the explanatory variables (in 
this case, those arising from differences in sequencing) must be relatively small. 
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Figure AII.7:  PCA analysis by individual raw reads file, showing PC1 and PC2. Each dot in the 
plot comes from a separate raw reads file, i.e. the reads generated per sample per lane within 
each of the two flowcells. This plot puts in perspective the relative effects of sequencing lane when 
compared to the effects arising from sample.  
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Figure AII.8: Heatmap showing the expression patterns of all genes available in the S. invicta reference 
across body parts (top axis) and castes (bottom axis). 84 genes were removed due to no expression in any 
of the samples. Each row represents one gene, each individual cell is a combination of gene, caste and 
tissue. Gene expression is measured as the logarithm of transcripts per million (TPM) + 1 for each gene. 
That is, the logarithm of the relative abundance of transcripts from each gene compared to the total of RNA 
molecules in the dataset. Note that some cells are empty, where the tissue was not available for a specific 
caste. The genes are ordered by similarity in expression patterns, that is, genes with similar expression 
patterns overall are plotted next to each other. Note that this visualisation allows to detect general 
expression patterns specific to tissues and caste. For instance, Malphigian tubules and midgut have a 
cluster of high gene expression in all castes that seems unique to this tissue. In other tissues with a strong 
differentiation per caste such as antennae or eyes, there are blocks of genes which show different 
expression patterns between castes. The three code letters for tissue correspond to: Ant, antennae; Fat, fat 
bodies; Eye, eye; Man, mandibles; Leg, legs; Ter, tergites; Ste, sternites; Bra, brain; Mus, muscle (thorax 
only); Gan, abdominal ganglia; Cro, crop; Mal, Malphigian tubules and midgut; Rec, rectum; Duf, Dufour 
gland (queens and workers only); Poi, Poison sac and gland (queens and workers only); Spe, spermatheca 
(queens only); Tes, testicles (males only); Ova, ovaries (queens only) and Cor, corpse. The caste labels 
correspond with Q: Queens, M: Males and W: Workers.  
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a)               b) 

Figure AII.9. Caste-biased expression of genes. a) Each point represents a gene, with its 
location representing the relative expression in each caste, averaged across tissues.  The value 
plotted along each axis (each side of the triangle) is 100% x log(eij/eik) /Ti, where eij is the 
relative expression of gene i in caste j and Ti is the total of the log ratio across all three 
comparisons. Hence, a value in the centre of the triangle represents a gene with equal 
expression levels in each caste, and a point displaced towards a vertex had relatively higher 
expression in the corresponding caste.  The heatmap b) shows a higher density of genes plotted 
around the male and worker vertexes,  illustrating a greater number of male and worker biased 
genes (relative to queen biased genes). Very few genes had expression essentially limited to 
one caste (there is a low density of points around the extreme vertices). 
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Ecology, 86(1), 117-127. 

Knell, R. J., & Martínez-Ruiz, C. (2017). Selective harvest focused on sexual signal traits can 

lead to extinction under directional environmental change. Proceedings of the Royal Society 

B: Biological Sciences, 284(1868), 20171788. 

Pracana, R., Levantis, I., Martínez-Ruiz, C., Stolle, E., Priyam, A., & Wurm, Y. (2017). Fire 

ant social chromosomes: Differences in number, sequence and expression of odorant 

binding proteins. Evolution letters, 1(4), 199-210. 

Favreau, E., Martínez-Ruiz, C., Santiago, L. R., Hammond, R. L., & Wurm, Y. (2018). Genes 

and genomic processes underpinning the social lives of ants. Current opinion in insect 

science, 25, 83-90. 
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