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 I 

Abstract 
 

Eusociality is a social structure characterised by the reproductive division of labour. A 

reproductively dominant female or females carry out reproduction, and her subordinate female 

workers have their reproduction constrained. This constraint often relies on chemical cues, or 

pheromones. One of the most studied of these queen pheromones is Queen Mandibular 

Pheromone (QMP), produced by queen Apis mellifera (honeybees).  

 

Eusociality has evolved independently nine times in the Hymenoptera alone. It has been 

suggested that existing pathways for regulating reproduction in response to environmental cues 

may have been co-opted to be regulated by queen pheromones, as opposed to the evolution of 

novel pathways each time eusociality evolves. Support for this has been shown by QMP (which 

has evolved in the last 55 million years) being able to repress a broad range of species, up to 

560 million years diverged. This includes the non-eusocial, 350 million year diverged 

Drosophila melanogaster. 

 

This thesis aimed to utilise D. melanogaster to investigate the mechanisms by which QMP is 

acting to repress reproduction in non-target species. I have shown that D. melanogaster that 

are exposed to QMP have their reproduction repressed in a way that is plastic and reversible. 

The mechanisms by which D. melanogaster sense QMP are likely synergistic, redundant and 

complex. QMP also acts on pathways which have high fitness costs when mutated, indicative 

of ancient conserved and essential functions. As QMP has not co-evolved with D. 

melanogaster, it seemed likely that QMP was mimicking an environmental regulator of 

reproduction. In investigating this, I have identified the first known mechanism by which QMP 

is acting in D. melanogaster; through the co-option of nutrition sensing pathways.  

 

D. melanogaster which are exposed to QMP exhibit starvation-like food intake behaviour. This 

behaviour precedes any change in ovarian phenotype or ovarian gene expression. After this, 

the stage 2a/b and stage 9 oogenesis checkpoints are activated within the ovary, reducing the 

number of oocytes produced. Activation of these checkpoints is also consistent with a 

starvation response. As such, QMP appears to have co-opted existing nutrient sensing pathways 

in D. melanogaster.  

 



 II 

This work also aimed to investigate the evolutionary history of QMP. To do so, I compared my 

novel findings in D. melanogaster to the action of QMP in A. mellifera. Worker honeybees do 

not exhibit the feeding behaviours characteristic of QMP exposed D. melanogaster, show a far 

larger changes in ovarian gene expression, and utilise Notch cell signalling in a way that differs 

from D. melanogaster. As such, it appears that the mechanisms of action present in D. 

melanogaster are potentially ancestral-like. Honeybees, however, have undergone co-

evolution with QMP. This has led to the elaboration and tweaking of existing mechanisms, 

creating a sensitive, specific response in A. mellifera. 

 

Overall, this thesis has identified the first known mechanism of action of QMP in a non-target 

species. This identification of nutrition sensing pathways ties to theories of how eusociality 

may have evolved, and as such aids in our understanding of this beneficial life history strategy.  
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Chapter 1: Introduction 
 
 
1.1 Eusociality 
 
In the simplest sense, eusociality is a social structure characterised by co-operation and the 

reproductive division of labour. This is a system by which one or a few dominant females 

reproduces, and her daughters are reproductively constrained and rear her offspring (Oster and 

Wilson, 1978). Eusociality is defined by three features; cooperative care of brood, overlapping 

generations of adults living together and reproductive skew towards certain females (Michener, 

1974). This allows the phenotype of a queen to be specialised toward reproduction, without the 

need to forage to provide for her offspring. Instead, her daughters will help to raise the next 

generation of their sisters, in a near continuous production of functionally sterile workers to 

co-operatively care for the group. These features combine to create a population of related 

individuals that often work and live in an efficient, altruistic system. 

 

1.2 The Benefits of eusociality 
 

The benefits to an organism of being eusocial are manifold. The ability for a group to produce 

specialised individuals capable of more efficiently carrying out beneficial tasks conveys a 

distinct selective advantage. As such, this type of communal living has allowed eusocial insects 

dominate  the insect fauna of  ecosystems in which they live (Wilson, 1990). This is emphasised 

by the fact that less than 2% of insects species are eusocial, yet they are estimated to make up 

over 50% of the insect biomass in some ecosystems (Wilson, 2008), suggesting an entrenched 

dominance associated with this life history strategy. How these groups came to inhabit this 

dominant position in ecosystems seems to be through the advantages they gain by sociality 

itself. The key to their success appears to be the efficiency with which they can function as a 

group once reproductive and non-reproductive tasks are divided. Highlighting this principle, is 

a study in which primitively social wasps were put in groups of one, two or three individuals 

in order to test the minimum number of females required for division of labour to occur 

(Brahma et al., 2017). This work demonstrated that two females was sufficient for the division 

of reproduction- with one female constraining the reproduction of the other. Further 

highlighting the benefits of cooperative living, when three individuals were present, there was 

a division of non-reproductive labour, allowing for an increase in productivity (Brahma et al., 

2017). This is a single study, and therefore should not be over-interpreted, as it is yet to be 
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repeated. It is also unlikely to apply to all of the varying forms of sociality- given the multiple 

independent evolutions of sociality likely arising under slightly different conditions. However, 

it does nicely demonstrate the principle of the benefits of group living.  

 

Further benefit are seen in the habitats in which social organisms are able to not only survive, 

but thrive. It is common to find cooperatively breeding groups in areas that are both hot and 

unpredictable (Wilson, 1971). Traditionally this was taken as an indication that harsh 

environments selected for the evolution of social behaviour (Emlen, 1982; Rubenstein and 

Lovette, 2007). This is a sensible assumption, as it is highly likely that helping related 

individuals in environments where individual breeding may easily fail is a beneficial life 

history strategy. However, even more interesting is the work in social birds which suggests 

causation is in the opposite direction; namely that social living facilitates the colonisation of 

harsh environments (Cornwallis et al., 2017). This study found that cooperative breeding was 

more likely to arise from an ancestral group in cool areas with predictable rainfall, high levels 

of monogamy, and hence high relatedness (Cornwallis et al., 2017). From here, the benefits of 

group living could enable them to invade areas that would have been inhospitable without this 

social system. Obviously this avian study should not be over-interpreted in its applicability to 

insects, however similar principles may apply. Once again, this shows the benefits of social 

living.  

 
1.3 Sociality as a spectrum, and the role reproductive constraints play within this 
 
 
Eusociality does not suddenly evolve in its advanced forms from previously solitary conditions. 

Instead, sociality can be seen as a spectrum, along which groups can exist in various forms.  

Being on the spectrum of sociality does not necessarily mean all of these species are evolving 

“towards” eusociality. Instead, a more accurate view is that each of these independent 

evolutions may have occurred in slightly different ways- as opposed to a stepwise sequence of 

events (Linksvayer and Johnson, 2019). Eusociality often is broken down into three grades;  

primitive and advanced (with advanced having two groupings, based on the presence or 

absence of worker polymorphism) (Batra, 1966; Crespi and Yanega, 1994; Hunt, 2012). These 

three categories are broad in the types of features they encompass, and as such species that fall 

within them do not always meet all of the requirements. Instead, what we see is a scenario in 

which the closest functional category is the one they are placed into. Eusociality itself is 

underpinned by the reproductive division of labour, relying on reproductive constraints (Khila 
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and Abouheif, 2008, 2010a). This constraint is defined as ‘any process that quantitively or 

qualitatively reduces the ability of workers to reproduce relative to the queen’  (Khila and 

Abouheif, 2010a). This can take a wide range of forms, whether it be behavioural- such as 

worker policing, or developmental. Abouhief and Khila further divided constraints into five 

categories (RC1-RC5), based on their origins- namely if they were underpinned by distinct 

developmental processes in the worker being targeted. The first of these, RC1, acts earliest 

within the ovary, through key maternal mRNAs and proteins being mislocalized (Khila and 

Abouheif, 2008). This occurs during late oogenesis, with the effect being so detrimental that 

there these offspring fail to develop correctly. RC2 acts at the quantitative level of the ovary, 

reducing the overall reproductive capacity of an individual. RC3 prevents any sexual 

reproduction at all, with the loss of the spermatheca- the sperm storage organ. RC4 reduces 

reproductive capacity by reducing the number of ovarioles a worker possesses. Ovarioles house 

the germline stem cells, with oocytes developing to maturity as they move down the ovariole. 

As such, a reduction in the number of ovarioles greatly impacts the reproductive potential of 

an individual. Lastly, RC5 is the most extreme constraint at all, and involves the loss of all the 

reproductive organs within a worker- sterilising her (Khila and Abouheif, 2010). 

 

Before sociality has been established, and any of these constraints are being utilised, an insect 

is at the solitary end of the spectrum. This is where there is little to no social contact outside of 

the context of mating (Cowan, 1991). Instead, a single reproductive female lays her eggs one 

at a time, and provisions their cells. These individuals tend to produce a small-to-modest 

number of offspring (Hunt, 2012), a by-product of the work required when reproducing without 

aid. 

 

1.3.1 Facultative sociality 

 

Before organisms are eusocial, they can participate in communal living and collective 

behaviour (facultative sociality). This modest group has adults which interact on the nest, and 

which also feed the larvae. There are no morphological differences between reproductives and 

non-reproductives, meaning all females have the capacity for reproduction. Therefore all 

females  are likely to reproduce (Field et al., 1999; Shreeves and Field, 2002). Females will 

likely exhibit helping behaviours transiently  (Field et al., 1999) before producing a few 

offspring. This can be done in a variety of ways. She can; found a nest, usurp or join an entirely 



 4 

different colony or rise within her own group’s hierarchy to become to become the highest 

ranking female (Hunt, 2012).  

 

One example of a facultatively social group, which does not meet all of the above requirements 

is a social spider- Anelosimus studiosus. These are observed to live in communal groups, where 

all females reproduce with the absence of physical castes. However, differences are observed 

in the behaviour of this species, in a way that can be likened to behavioural castes. These 

distinct behavioural roles lead to the division of labour. They can be divided into ‘aggressive’ 

and ‘docile’ individuals, whereby the ‘aggressive’ phenotype participate in activities such as 

prey capture, web building and colony defence. The docile individuals, however, spend more 

time in parental care, and communally help raise large groups of brood (Wright et al., 2014). 

Either of these castes struggle to thrive individually- with the ‘docile’ making poor hunters, 

and the ‘aggressive’ often neglecting, or even eating, their offspring. In this case, before the 

reproductive division of labour has been established (a hallmark of eusociality), we can see the 

benefits these individuals gain by communal living and the division of non-reproductive labour.  

 

1.3.2 Primitive Eusociality 

 

Primitive sociality is the earliest type of eusociality. Here one can observe morphologically 

similar queens and workers, with a reproductive division of labour being established. Generally, 

this is a life-long difference in reproduction, however workers may replace a queen 

(Strassmann and Meyer, 1983), or establish independent nests (Tibbetts, 2007)- implying a 

vast level of reproductive plasticity within this system. This is reflected in the type of 

reproductive constraint one might observe in these groups- RC2. This is quantitative constraint, 

and unlike many of the other types, it does not lead to a permanent loss or reduction in 

reproductive potential. Instead, it is mechanism based on environmental signals, lending an 

element of plasticity. For instance, it can regulate the rate at which germline stem cells divide, 

controlling how reproductively active an individual may be (Khila and Abouheif, 2010b)These 

adults organise themselves into a hierarchy within the group, based on their dominance. Within 

this group, there is a greater level of social interaction observed, with lots  of adult interaction 

at the nest (Hunt, 2012). This interaction extends to their larvae also, where the exchange of 

salivary fluids between adults and larvae is common. These groups are obviously more efficient 

than facultatively social ones, and this is reflected in these groups being able to reach larger 

sizes- from 40, to up to hundreds in particularly successful groups.  
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1.3.3 Advanced Eusociality without worker polymorphism 

 

At the more advanced end of the spectrum there is advanced eusociality without worker 

polymorphism. By this point, there are two distinct morphological castes within the group- the 

queen(s) and her workers. For instance, Apis mellifera queens are so specialised that they no 

longer possesses corbiculae for the collection of pollen, and her workers no longer have a 

spermatheca, meaning they are unable to mate. There is also the reproductive division of labour, 

overlapping generations living together, and communal care of brood (Michener, 1974). This 

can be underpinned by any of the five reproductive constraints, and often by more than one. 

For instance, if we continue with the honeybee, we see RC2 (mechanisms quantitative 

regulating reproduction), RC3 (the loss of spermatheca) and RC4 (the loss of ovarioles). RC3 

and 4, for instance are not mechanistic in the sense that RC2 is- instead they represent the 

permanent  loss or reduction of reproductive potential, due to adaptive traits established in 

embryogenesis or larval development. What we do not observe in honeybees is the most 

extreme, and rare case of reproductive constraint- RC5 (the loss of reproductive organs). This 

is seen in only 9 out of 283 ant genera (Khila and Abouheif, 2010). Once evolved, these 

constraints are believed to feed back and allow for increased colony size and complexity- 

especially in regards to morphological and behavioural division of labour (Khila and Abouheif, 

2010). 

 

1.3.4 Advanced Eusociality with worker polymorphism 

 

The most advanced along this process of task specialisation are those species which further 

divide their worker caste, such as is observed in some ants and termites. For example, some 

ants divide worker castes further into subcastes, in which minor workers perform nest tasks 

and foraging behaviour. Soldiers/major workers defend the nest and process food (Wilson, 

2003). In the most extreme cases, another caste exists, in which there are super soldiers/super 

majors, which have large heads used to physically block the entrance to the next from invading 

army ants (Huang, 2010). This shows the many uses individuals can be put to once 

morphological constraints and uniformity are removed, allowing for these groups to highly 

effectively live together. Their success is reflected in their population sizes, which not 

uncommonly are in the thousands, and sometimes even millions (Zucchi et al., 1995). As with 

advanced eusociality that does not have worker polymorphism, all of the reproductive 

constraints may apply in this situation.  
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1.4 Multiple independent evolutions of eusociality 
 

One enduring question is how does eusociality evolve? This is specially a problem when one 

considers that the majority of the population are subjected to repressed reproduction. On the 

surface this makes little sense, as one of the cornerstones of the theory of evolution by natural 

selection is that each individual is attempting to pass on their own genes to the next generation. 

However, in eusocial groups we see the majority of the population being chemically prevented 

from doing so, and instead their life is dedicated to working altruistically to raise their siblings 

and provide for the hive or nest.  This is unusual, as workers therefore have no direct fitness. 

One would expect an allele or gene network that reduces fertility in workers to be selected 

against. Instead, those that enhance fertility in individuals which express it to be selected for 

(Hughes et al., 2008). Charles Darwin highlighted the difficulties in their more abstract form 

when he referred to eusociality as the ‘one special difficulty’ in his theory of evolution by 

natural selection (Darwin, 1859).  It has subsequently remained a somewhat controversial topic 

within the field of evolutionary biology (Abbot et al., 2011; Boomsma et al., 2011; Ferriere 

and Michod, 2011; Herre and Wcislo, 2011; Nowak et al., 2010, 2011; Strassmann et al., 2011). 

 

What is known about the evolution of eusociality it that it has evolved independently in several 

animal lineages (Wilson and Holldobler, 2005).  It occurs in an astounding range of organisms; 

most common in the arthropods but even the mammalian naked mole rat (Zenick and 

Goldsmith, 1981). Even more fascinating, is that it has evolved an estimated 20 separate times 

in the insects (Grimaldi and Engel, 2005). In particular it has evolved often within the group 

known as the Hymenoptera (which contains the bees, ants and wasps(see Fig. 1.1)), with six to 

eight independent transitions in the bees, and once at the origin of the ants (Crozier, 2008; 

Danforth et al., 2013; Hughes et al., 2008). This implies that the Hymenoptera may be 

predisposed toward eusociality, the reasons for which are still debated. However, that is not to 

say that all hymenopterans are eusocial. On the contrary, a solitary lifestyle is the ancestral 

form for these insects, with only ~10% of bee species (for example) being eusocial (Danforth 

et al., 2013).  
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Figure 1.1 A images of examples of sawflies, wasps, ants and bees (Scale bar represents 5mm). 
B Phylogenetic relationships and estimated divergence times within the Hymenoptera. Figure 
from Peters et al. 2017, used by permission.  
 
It has been suggested that eusociality arises more often in these insect groups due to the 

polyandrous nature of reproduction in many of these species. However, monogamy -and the 

high relatedness associated with this reproductive strategy- has been shown to likely be a 

necessary pre-adaptation for the evolution of eusociality (Hughes et al., 2008). Instead, 

haplodiploidy, which causes high relatedness (with sisters being highly related and sharing 75 % 

of genetic material, and 25 % with brothers) might be a reason why the Hymenoptera have 

such a prevalence of eusociality. The theory associated with polyandry is based on species such 
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as A. mellifera. Within a hive there are many patrilines, with queens having multiple matings. 

As such, her daughters will work alongside both full and half-sisters. As workers are not 

capable of mating, the offspring they produce are from unfertilised eggs. It should be noted 

however, that ancestrally workers were capable of mating. However, once workers have passed 

the point of ‘no return’- where they are functionally sterile- they have no choice but obligate 

eusociality. In the absence of signals repressing reproduction, workers are capable of producing 

haploid males. Therefore, an individual would benefit from her own reproduction, with her 

offspring being related to her by r = 0.5 (r being the measure of relatedness- meaning her 

offspring would share 50% of her genes). However, when her half-sisters do the same, she is 

only related to their offspring by r = 0.125 (Bourke, 1988; Ratnieks, 1988). As her half-sisters 

are more prevalent than her full sisters, any worker reproduction is more likely to be 

detrimental. Especially as all workers are related to the sons of the queen by r = 0.25, making 

this the more beneficial form of male production in a hive for all the workers.  

 

This is believed to have led to the evolution of policing behaviour, in which workers can 

identify and remove worker-laid eggs, thus removing males that are less likely to be related to 

themselves than those produced by the queen (Ratnieks, 1988; Ratnieks and Visscher, 1989; 

Woyciechowski, 1987).  A small proportion of workers within a hive will spontaneously 

activate their ovaries in the presence of the queen, however this behaviour is tightly policed 

(Ratnieks, Francis L W and Wenseleers, 2008; Ratnieks et al., 2006). It is estimated only 0.12% 

of the drones within a queen right hive are produced by workers (Visscher, 1989). The 

frequency with which workers lay eggs is therefore increased with increased relatedness, as 

species with low relatedness have a higher selective pressure towards policing behaviour 

(Wenseleers and Ratinieks, 2006). However, this concept comes under some scrutiny as far the 

evolution of sociality being based on polyandry, as the multiple mating system seen in many 

eusocial systems is the derived state. The ancestral state is strict monogamy, which is now 

thought to predate this polyandrous behaviour (Boomsma et al., 2011). This ties into inclusive 

fitness, in which monogamy is required to increase relatedness and such allow for altruism. 

This is ancestral for all eight of the independent eusocial lineages in the Hymenoptera (Hughes 

et al., 2008). Therefore the view that polyandry facilitates the evolution of eusociality is most 

likely incorrect. Instead, it may ensure the stability of eusociality once it has begun to evolve. 

For instance, by ensuring genetic diversity within the group that has a single maternal genetic 

line per generation, and aiding the division of labour via evolving response thresholds. It is 
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possible that the opposite form of directionality occurs also- that eusociality allows for 

polyandry to occur. 

 
1.5 Theories on why eusociality might evolve 
 
 
There are two main theories for why eusociality might evolve. These are Inclusive Fitness 

(Hamilton, 1964b, 1964a) and Group Selection (Nowak et al., 2010). These two opposing 

models can be simplified to the concepts that Inclusive Fitness relates to the individual- with 

direct and indirect selection acting.  This occurs as an individual either reproduces- gaining 

direct fitness, or instead forgoes reproduction to aid her relatives, thereby gaining indirect 

fitness. In the Group Selection model, individuals which help each other can identify other 

helpers and create a mutually beneficial group (which may not be related initially). In this 

case, selection is not acting on the individual, but rather the group as a whole. These theories 

are discussed in more depth below.  

 
1.5.1 Inclusive Fitness Theory and Kin Selection 

 

The first proposed, and most commonly accepted, explanation for how solitary ancestors can 

evolve into eusocial species is based on Hamilton’s inclusive fitness theory (Hamilton, 1964b, 

1964a), also known as “kin selection” (Maynard Smith, 1964).  This concept is a simple, yet 

elegant, way of explaining how a group of individuals might come together in a way which is 

beneficial, and more efficient for the passing on of genes. Inclusive fitness is used in context 

of a group, but it technically applies to each individual within that group- rather than the group 

as a whole. It is the idea that an individual has two choices in regard to reproduction; reproduce 

herself and gain direct fitness, or aid a relative in her reproduction and gain indirect fitness. 

There is obviously a cost associated with forgoing ones own direct fitness, and putting 

resources into helping behaviour. Therefore, this model relies on relatedness. If individuals are 

highly related to the reproductive individual, than a high fitness cost is acceptable- as they are 

gaining more indirect fitness. However, if they are less related, they are gaining less indirect 

fitness, and instead incurring greater costs. In these cases of low relatedness helping can still 

exist, as long as the cost is accordingly lower. This system ultimately relies on the balance 

between cost and relatedness. If ones attempts to put this in context of genes, it is the concept 

is that it is possible for alleles which reduce the fitness of an individual to become common in 

a population. It can be described mathematically as rb – c > 0 (Charnov, 1977). In this “the 
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cost to a worker due to reduced fitness, c, must be less than the fitness benefits that accrue to 

relatives, b, discounted by relatedness, r, between the worker and the other individuals in the 

nest that benefit”.  Simplified, it states that it is acceptable to carry alleles with negative effect, 

as long as relatives benefit. This is heavily reliant on how related an individual is, and how 

significant the cost to the individual is.  

 

This can be thought of in the case of a group of individuals which live in a difficult ecosystem- 

such as the eusocial naked mole rat. A female which emerges may face high fitness costs in 

dispersing on her own, and attempting to establish her own nest. She may likely fail, or even 

die. However, if she remains in the natal nest and aids her mother (to whom she is highly 

related) who is continuing to produce other related individuals, she will gain indirect fitness- 

despite the high cost to herself of not reproducing on her own. If she is lucky, she may even 

inherit the nest and gain direct fitness in future. Obviously, a system such as this relies on the 

ability to be able to identify ones relatives, as aiding a non-relative is costly. Kin recognition 

is therefore vital in Inclusive fitness, which can be done by recognising cuticular hydrocarbons 

produced by relatives (Akino et al., 2004; Châline et al., 2005; Dani et al., 2005; Lahav et al., 

1999), or even the physical attributes  of relatives- such as individual facial patterns (Baracchi 

et al., 2015).  

 

In attempting to place Inclusive Fitness in evolutionary time, it becomes clear that high 

relatedness is necessary for the alleles responsible for worker phenotypes (helping) to spread 

within populations (Liao et al., 2015).  In this way, being closely genetically related precedes 

the origin of eusociality. One possible explanation for this is monogamy- allowing all of the 

offspring to be more related to one another than they would be if the mother had multiple 

matings. An alternate way is through the haplodiploid sex determination system seen in many 

of the Hymenoptera. In this, females are diploid, and can lay both fertilised diploid female eggs, 

and unfertilised haploid male eggs. A by-product of this is that sisters are more closely related 

to each other (r= 0.75) than they would be to their daughters (r = 0.5), although half sisters are 

obviously less reated to each other (r= 0.25).  Through this system, relatedness can become 

high very rapidly, and drive the pre-adaptations for eusociality. This was thought to account 

for what was believed to be the more frequent evolution of eusociality within clades that have 

haplodiploid sex determination. However, this theory had never applied to termites which do 

not use haplodiploidy for sex determination (Crozier and Pamilo, 1996), and then more 

eusocial species were discovered which also do not use haplodiploidy for sex determination.  
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This led to some strong disagreement with the hypothesis from Wilson (Nowak et al., 2010; 

Wilson, 1971, 1975, 2008). It therefore obviously not a requirement for the evolution of 

eusociality- as it is not a ubiquitous feature of eusocial species. However, it does suggests that 

haplodiploidy may be a useful feature in the pre-adaption to eusociality.  

 

Some more modern interpretations of Hamilton’s rule have rb – c > 0 (or rb > c) to be the 

point at which altruistic genotypes have reaches fixation. For many species, they argue, that it 

is instead a case of equilibrium, in which rb = c, with the genes for both altruistic and non-

altruistic lifestyles existing stably (Wang and Lu, 2017). In this model, the difference in fitness 

is equal over the lifetime of an individual, and as such instead of their being a selective drive 

to replace this, an equilibrium can be maintained. Selection that brings about Hamilton’s rb > 

c leads to eusociality, whereas rb < c leads to solitary lifestyles (Wang and Lu, 2017). This is 

perhaps a way of attempting to have Inclusive Fitness span a greater time period than it applies 

to. Different evolutionary strategies exist pre and post the point of no return. This point of no 

return being the loss of totipotency in all females- i.e. workers being unable to produce female 

offspring. Instead, this duty falls solely on the queen. At this point, group selection becomes 

necessary. However, this group selection is acting in relation to the current evolutionary time 

point- after the evolution of eusociality. Inclusive Fitness, instead deals with the start of this 

process, as eusociality is first beginning to evolve. As such, it remains the leading theory for 

explaining why eusociality evolves.  

 

1.5.2 The Nowak-Tarnita-Wilson Group Selection Model 

 

An alternative to the Inclusive Fitness theory proposed by Hamilton, is the Group Selection 

Model (Nowak et al., 2010). Once again, this is a potential explanation for why insects might 

transition from solitary to group living and eusociality. In this model, as the name suggests, 

selection is believed to act at the level of the group, rather than at that of the individual. This 

model was proposed to combat the issues the authors saw with Inclusive Fitness- namely that 

they claim that too much emphasis had been placed on relatedness. Instead, they suggest that 

standard natural selection theory can be used to explain the evolution of eusociality (Nowak et 

al., 2010). The main concept is that individuals which exhibit helping behaviours can identify 

similar individuals, providing an ecological advantage. These solitary insects come together to 

form a group in a mutually beneficial way, leading to adaptions to aid this lifestyle (essentially 
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group selection). From here eusocial genes emerge, keeping overlapping generations within 

the hive, finally leading to the division of labour and selection acting upon the group as a whole.  

However, it must also be noted that this also provides selection for individuals which cheat 

within this system. Those who are capable of integrating into this group under the guise of 

helping, but are able to actually still reproduce can rapidly gain direct fitness. This can lead to 

a eusocial group with the characteristic reproductive skew towards certain individuals.  

 

This theory has been widely criticised, claiming that it does not differ greatly from kin selection, 

as relatedness must play a role in the phase where eusocial genes emerge, as this system is not 

stable at low levels of relatedness.  Liao et al showed mathematically that this model also relies 

on high relatedness to function (Liao et al., 2015). The main difference with this model arises 

only in the timing of relatedness being key. It suggests that early group living can be between 

unrelated individuals. However, this must change as eusociality is established and the genes 

which underlie it become established within the population. Once again this seems to be a case 

where a theory is perhaps trying to be applied to a time within the evolution of eusociality that 

it is not suited. Unlike where later modifications to Inclusive Fitness attempted to explain what 

might happen around the point of no return, in this case Group Selection may be suited to this 

time point instead. It seems likely that Inclusive Fitness selecting for helping behaviour 

amongst relatives is likely at the early stages of group living, however after the worker caste 

has lost totipotency and is unable to reproduce females, selection may very well switch to 

acting at the level of the group. However, eusociality as we see it now, this is not the stage at 

which Nowak et al. proposed Group Selection acting- this was proposed as a way of explaining 

the initial stages of group living. In light of this, overall support for inclusive fitness theory 

remains strong (Abbot et al., 2011; Boomsma et al., 2011; Ferriere and Michod, 2011; 

Galbraith et al., 2016a, 2016b; Herre and Wcislo, 2011; Marshall, 2016; Strassmann et al., 

2011).  

 

Irrespective of the specific theories of how eusociality may have evolved, the defining features 

are the reproductive division of labour, overlapping generations of adults living together, and 

the communal care of brood (Michener, 1974).  Our understanding of this process will be 

improved with further investigation into the mechanisms which underpin eusociality.  
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1.6 Theories on how eusociality might evolve 

 

There has been much discussion of how eusociality might evolve that is less focused on the 

level addressed in the Inclusive Fitness or Group Selection models. Rather, these ideas have 

been based around the conditions and environmental context in which eusociality might arise. 

Many of these rely on Inclusive Fitness, and contain common concepts. They are discussed in 

more detail below.  

 

1.6.1 Sex ratio adjustment 

 

Further building off the concept of haplodiploidy predisposing insects to eusociality is the idea 

of sex-ratio adjustment. Where Hamilton’s view would imply that increased relatedness leads 

to an increase in sibling rearing and as such an altruistic pathway to sociality, sex-ratio 

adjustment has a slightly different interpretation. Instead, it is proposed that haplodiploidy 

promotes eusociality through a bias toward the more useful sex. It would also subsequently 

likely reduce conflict as workers are more related to their sisters than brother. These individuals 

(in this case females) help their mother. As this benefit is selected upon, adjusting the 

proportion of sexes in each generation, a positive feedback is initiated, in which more females 

means there is a reduced reproductive value for them, as well as a reduced cost in altruism 

(Gardner and Ross, 2013). In this way, haplodiploid species are predisposed toward eusociality, 

by facilitating the correct conditions for a sex-ratio adjustment to be selected upon. However, 

despite it being correct to state that being haplodiploid doesn’t make a species eusocial, it does 

pay to note that being haplodiploid and having reduced dispersal from the natal nest does lead 

to higher relatedness, which are key pre-requisites for the evolution of eusociality.  

 

1.6.2 Parental Manipulation 

 

Inclusive fitness has been used as a spring-board for further theories about how eusociality 

might arise. One such theory is parental manipulation, in which parents can modify the 

resources that they invest in their offspring. This is done in order to increase their individual 

fitness, but is to the detriment of the offspring and their fitness (Alexander, 1974). This strategy 

can therefore be considered maladaptive in this regard, however the alternative argument is in 

benefit to the group. In this scenario, a reproductive female feeds her offspring a nutrient poor 

diet, and thus prevents them from developing sufficiently to reproduce. This in turn gives rise 



 14 

to the conditions that can be considered pre-adaptations for eusociality. Namely, they now have 

communal living as the offspring do not disperse to reproduce, and in turn produces 

overlapping generations, brood care and high relatedness. This arises due to the most beneficial 

life strategy for the offspring now being to stay in the family group, and aid their mother in 

raising any subsequent offspring she may produce (Hunt et al., 2007).  Inclusive fitness is still 

vital to this scenario, as workers are predicted to leave if the reproductive offspring in 

subsequent generations are not related to them. This would lead to attempts at personal 

reproduction, and the wrong conditions for eusociality (Craig, 1979; Crozier, 2008; West-

Eberhard, 1975).   

 

1.6.3 Reproductive Ground Plan Hypothesis 

 

Another proposed theory for the evolution of eusociality is that of the reproductive ground plan. 

It suggests that eusociality is the product of evolution from a switch in reproductive life-phases 

in the solitary ancestors (Gadagkar, 1990; West-Eberhard, 1989). Some insects have both 

reproductive and forging states, whereby they reproduce, then cease to be able to do so in order 

to collect food for their offspring (a type of reproductive diapause). In this theory, these solitary 

individuals, which begin to form groups, then have a decoupling of these natural cycles. Instead 

of alternatively reproducing, then stopping in order to carry out brood care, differing 

individuals take up these tasks. It has been proposed that queens are the manifestation of the 

reproductive stage without the foraging, and vice versa for workers (Page, R. E., 2013). 

Essentially a decoupling of these two states produces the reproductive and non-reproductive 

caste- meaning that reproduction and brood care are no longer linked. In this way, the natural, 

existing pathways which exist to regulate how solitary insects respond reproductively to their 

environment, are co-opted. Instead of responding to environmental signals which change with 

season, they instead are now regulated by social cues- such as behaviour or pheromones.  

 

Extending this further is the hypothesis that some eusocial species of Polistes have evolved 

from the bivoltine life cycles (two generations of brood produced within a year; one which 

shows no diapause in summer, the other which has diapause in winter) of their pre-social 

ancestors (Hunt and Amdam, 2005).  The second generation within the year would be exposed 

to winter conditions and so enter diapause, whilst the first generation continues to reproduce. 

This difference in developmental trajectories and reproductive status may have led to different 

castes (Hunt and Amdam, 2005). The reproductive ground plan hypothesis requires that genes 
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which control the switch between reproductive and foraging phases in solitary Hymenoptera 

to exhibit similar patterns of expression to those observed between queen and worker castes. 

Also, that these genes would function to regulate foraging, nutrition and ovary activation 

(Kapheim and Johnson, 2017; Mutti et al., 2011; Wang et al., 2009). 

 

1.6.4 Assured Fitness Returns Theory   

 

A broader view of inclusive fitness is described by the assured fitness returns theory. This 

implies that a female who emerges into a hive containing developing brood can get immediate 

fitness benefits by helping to rear her sisters as opposed to trying to produce her own offspring. 

This especially makes sense if there is a high risk of mortality for her or her offspring, or the 

environment is unfavourable. If they should be subject to early mortality, then the impact of 

this theoretical event can be seen. If they are solitary, they will have failed to raise offspring, 

failed in the task of reproduction, and as such will not have passed on their own genes. In this 

way, the solitary life strategy will have been selected against. However, social individuals will 

have already contributed to the hive (Queller, 1989).  Since the hive consists of siblings which 

share some of her genes, in aiding their survival she will have contributed to the next generation, 

and as such has no need for direct fitness. In this way, the assured fitness of helping to raise a 

sister, can outweigh the gamble that is rearing one’s own offspring in a solitary environment, 

thus selecting for worker behaviour (Gadagkar, 1990).  

 

This system ties in with inclusive fitness, as the assured fitness only applies to rearing relatives. 

Whereas helping to raise nonrelated individuals has no fitness benefits, direct or otherwise. It 

does, however, appear to be a more passive take on the evolution of sociality. In this case 

workers remain simply as a way to mitigate the fitness costs of their situation, or rather the 

gamble of independent reproduction. Other proposed methods involve more manipulative, 

active process- such as altered nutrition preventing putative workers from even being in a 

position to reproduce or disperse from the natal nest. It also seems to rely on unfavourable 

environments driving the fitness costs associated with dispersal, which may not be the 

conditions under which sociality evolves (Cornwallis et al., 2017). It therefore seems to be 

potentially less likely than other proposed mechanisms.  
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1.7 Mechanisms of regulating reproduction 
 
 
Eusociality has long been a fascinating life history strategy for those that chose to try and 

understand the mechanisms which underpin it. It is an example of one of the greatest levels of 

biological complexity yet observed (Maynard Smith and Szathmary, 1995). Regardless of the 

conditions under which eusociality arises, we know that there have been multiple independent 

origins of eusociality. This is indicative of two things; first, perhaps unsurprisingly, is that 

sociality is not the ancestral state of these organisms. This ties into the second- the repeated 

transitions we have seen are indicative of a fundamental concept; co-option of existing 

mechanisms. The repeated transitions would suggest that mechanisms present in these solitary 

ancestors already in use for regulating processes such as behaviour or reproductive activity 

have likely been repurposed for a role in sociality. At its crux, it funnels into a simple 

hypothesis- that there are common mechanisms for responding to environmental stimuli which 

are co-opted repeatedly for a role in sociality.  

 

The classical interpretation of this question has focused more on the end-product of this system- 

namely genes which underlie altruism. It involves standing very close to the question, and 

examining these genes in the context of their current function: sociality. This way of thinking 

is beneficial in itself, and has produced a great deal of sense. For instance, Thompson et al. 

identified seven criteria that these gene(s) must fulfil at a molecular level (Thompson et al., 

2013). Although it pays to note that on a practical level, these are more likely to be suggestions 

as opposed to absolute requirements. These criteria are that genes underlying altruism should; 

(1) satisfy Hamilton’s rule, (2) be environmentally sensitive, (3) increase in number and 

complexity with social-behavioural sophistication, (4) should coevolve with, or depend on, the 

previous evolution of genes for kin-recognition, (5) may reside in regions of low recombination, 

exhibit co-expression and show modular genetic architecture, (6) should be at least partially 

additive and (7) exhibit strong pleiotropy.   One can perceive some of these as being more 

likely to be a requirement, including numbers 1, 2, 5 and 7. Some of these need no explanation 

for their necessity, such as numbers 1 and 2. It makes perfect sense that genes must satisfy 

Hamilton’s rule, and respond to environmental cues. Particularly when one considers that 

cornerstones of eusociality, such as caste determination, are triggered by environmental events 

in many cases. Others, such as 5 seem likely to be important, such as the region(s) of interest 

need to be protected from recombination events which could potentially destroy the genetic 

architecture required for eusociality. Overall, the genetic requirements thereof stated by 
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Thompson, seem to be a sound and logical way of explaining the genetic requirements for how 

eusociality may have evolved. 

 

An existing hypothesis which encompasses a different way of thinking about this problem is 

the genetic toolkit hypothesis. It is based on the observation that we see convergent evolution 

in the phenotypes associated with sociality. For instance, reproductive and non-reproductive 

castes having multiple independent origins, and that these are underpinned by nutritional 

asymmetries. Therefore, it is likely that there is a genetic toolkit (both molecular and 

physiological) which is shared across these independent lineages (Toth and Robinson, 2007; 

Toth et al., 2010). Evidence to support this is seen in an overlap in genes associated with social 

behaviours across independent lineages. For instance, when a small number of candidate genes 

was chosen, between 25 % and 60 % of genes associated with division of labour in P. metricus  

wasps and A. mellifera honey bees showed similar expression patterns (Daugherty et al., 2011; 

Toth and Robinson, 2007). Further work then found this trend extended to aggressive 

behaviour (Toth et al., 2014) as well as foraging and provisioning (Toth et al., 2010), 

suggesting that a common set of likely fundamental and existing genetic mechanisms have 

been utilised in independent lineages to achieve a similar phenotype. This work however 

focussed on specific subsets of genes as opposed to pathways, and as such found less overlap 

than had been anticipated. One way to combat this was the idea that perhaps the pathways 

themselves are important, but the specific genes therein are more flexible. This was termed a 

“loose” genetic toolkit hypothesis (Berens et al., 2015).  

 

1.8 Pheromone regulation of reproductive constraint 

 

Eusociality is characterised by worker castes being  subjected to reproductive constraint by the 

dominant female (Oster and Wilson, 1978). In many cases this constraint involves behaviour, 

such as aggression, whereby the reproductive hierarchy is maintained by dominance 

interactions (Padilla et al., 2016). Some ant species are monomorphic (meaning the dominant 

and repressed castes are morphologically and physiologically identical at eclusion), and use 

physical dominance and aggression to determine which individuals will reproduce. The 

functional queen, known as a gamergate, gains this position by being the last individual left 

with her gemmae. These are a set of wing-like appendages, which are mutilated by competing 

females in order to determine dominance (Fukumoto et al., 1989; Peeters and Higashi, 1989). 

It has been shown that brain gene expression alters rapidly after the hierarchy is established 
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(Okada et al., 2017). In this way, behavioural aggression can be sufficient to determine social 

structure within a group. In many cases, a combination of both behavioural and physiological 

constraint (such as the use of pheromones) is implemented (Hefetz et al., 2016).  However, in 

many cases, it is used in combination with other methods (Le Conte and Hefetz, 2007; Padilla 

et al., 2016) such as the use of chemical cues. These can be queen signals (Heinze and d’Ettorre, 

2009) or queen pheromones (L. Winston and N. Slessor, 1992; Matsuura et al., 2010; Vargo 

and Laurel, 1994). 

 

Queen signals are chemical cues produced by the dominant female in a social group (Keller 

and Nonacs, 1993). They are an honest reflection of her reproductive state, and as such they 

will vary with her fecundity. Queen pheromones, however, tend towards greater complexity. 

This complexity is theorised to be the by-product of an evolutionary arms race, in which the 

dominant female is attempting to repress her workers, and workers are attempting to escape 

repression (Le Conte and Hefetz, 2007; Symonds and Elgar, 2008). This is believed to have 

necessitated the evolution of increasingly more elaborate mechanisms of repression to maintain 

this reproductive dominance.  

 
1.9 The evolution of social hymenopteran pheromones 
 
 
Queen signals and pheromones are ubiquitous in the social Hymenoptera. These are generally 

cuticular hydrocarbons (CHCs), produced in the oenocytes in the abdomen, and stored in the 

exocrine glands of insects, and secreted into the cuticle (Howard and Blomquist, 2004; Van 

Oystaeyen et al., 2014). These act as contact pheromones, passing information about the 

species and sex of the individual. Adding to this, they also vary with genotype, behavioural 

status, group within society, reproductive state and physiology- in both social and solitary 

insects (Howard and Blomquist, 2004). These queen signals are mostly comprised of non-

volatile saturated hydrocarbons (long-chain linear and methyl-branched alkanes), which have 

been shown to act with remarkable conservation across species (Van Oystaeyen et al., 2014). 

Despite slight variations between species, ancestral state reconstruction has predicted that these 

may act as repressive signals in 57 out of the 64 social Hymenoptera investigated (Van 

Oystaeyen et al., 2014). This indicates that CHCs may a common compound class used to 

regulate reproduction.  
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Functional testing was carried out for this hypothesis using; the common wasp (Vespula  

vulgaris), the buff-tailed bumblebee (Bombus terrestris) and the desert ant (Cataglyphis 

iberica). The CHCs that made up their queen signals were identified, and individual exposure 

to each was carried out. Some did not induce repression on their own, but all of these species 

were repressed by linear alkanes in some form. The alkanes tested were pentacosane (n-C25), 

heptacosane (n-C27), octacosane (n-C28) and nonacosane (n-C29)- identified in a bumble bee, 

wasp and ant species (Van Oystaeyen et al., 2014). These acted to induce repression in two 

ways; by both preventing the activation of worker ovaries, as well as causing resorption of 

secondary oocytes. This shows that pheromones are often capable of acting on multiple points 

of oocyte development, adding a high level of redundancy and control to this repression. There 

has been some controversy, however, around aspects of this study, as n-C25 is found on both 

reproductive and non-reproductive bumble bees (Amsalem et al., 2009, 2014). This is not 

consistent with this being a queen signal, as it seems unlikely that a signal which denotes a 

queen is present on both queens and workers.  

 

Social species can have other compounds as their queen pheromones, particularly those which 

do not appear to posses saturated hydrocarbons. These instead seem to have unsaturated 

hydrocarbons- likely the product of relatively minor alterations in biosynthetic pathways (Van 

Oystaeyen et al., 2014). Other compounds include examples such as the four esters identified 

in B. terrestris queens. However, on their own, these were unable to induce repression 

singularly in workers (Van Oystaeyen et al., 2014). This would suggest that these function in 

other roles within the hive (such as brood care), or that they act synergistically with other 

compounds. This is also not to say that all saturated hydrocarbons are capable of acting across 

all these species. For example, n-C29 which acts in both the wasp and ant tested, is not 

overproduced in bumblebee queens, and as such is unlikely to act, however this has not been 

functionally tested. It is possible that it is capable of acting, but due to redundancy through the 

production of another compound is simply not utilised in this species.  

 

The fact that these compounds were able to induce reproductive repression across these species 

is remarkable, as they cover three independent origins of eusociality (Peters et al., 2017). More 

remarkable, is the fact that this implies that queen pheromones originated in conserved signals 

in the solitary ancestors. Furthermore, this study then investigated the evolutionary history of 

these fertility or queen signals carrying out ancestral state reconstruction for 64 hymenopteran 

species (Van Oystaeyen et al., 2014). This covered five independent origins of eusociality, and 



 20 

showed that these saturated hydrocarbons are the group most commonly overproduced by the 

reproductively dominant female. They were able to determine that these were likely used as 

fertility cues in the solitary ancestor (Van Oystaeyen et al., 2014), which lived ~180  million 

years ago (Peters et al., 2017). It is hypothesised that these signals could have evolved from 

honest signals of fertility in non-social ancestors. It is theorised that in early social groups, 

perhaps without sufficient resources for all females to reproduce, honest cues of fertility are 

used. These indicate to the group the reproductive status of all members, and allow for the most 

fecund to preferentially reproduce. When this system hijacked, it can be interpreted as 

becoming a manipulative signal- with the evolution of pheromones such as QMP, which 

actively prevent workers from reproducing. These honest forms are believed to be the ancestral 

ones, with early manipulative pheromones being similar to these- the saturated hydrocarbons. 

It also appears that other pheromone classes are therefore derived. The most derived of which 

is observed in A. mellifera, having the most complex blend, which until recently, was believed 

to lack saturated hydrocarbons entirely (Princen et al., 2019).   

 
 
1.10 Honeybee QMP 
 
 

One of the most highly studied queen pheromones is from the honeybee, A. mellifera.  The 

queen bee produces a multitude of pheromones that function in many ways. One of the most 

fascinating pheromones she produces is queen mandibular pheromone (QMP), which has a 

variety of functions. Those most vital to reproduction are; attracting drones on a mating flight, 

repressing worker reproduction, prevent the rearing of new queens (Winston et al., 1991). 

Often, a combination of both aggression and chemical signals is used to prevent the worker 

caste from reproducing.  

 

There is some evidence to suggest that the efficacy of QMP is altered based on seasonality, 

with workers contacting a false queen containing QMP less in late summer (Pankiw et al., 

1994). It is spread by worker-worker trophallaxis (mouth to mouth feeding) around the hive, 

originating from the workers which feed the queen (Naumann et al., 1991; Watmough, 1997).  

There has been some suggestion that there is a role within the hive for workers to be 

‘messengers’, which perform less colony-related tasks than would be expected, but appear to 

disperse QMP (Seeley, 1979). It is also believed that QMP is absorbed into the wax of the hive 

also (Naumann et al., 1991). Whether this is able to induce behavioural or reproductive changes 



 21 

in worker honeybees is unknown. However, in bumblebees (Bombus terrestris), wax scents are 

sufficient to induce behavioural changes (Rottler-Hoermann et al., 2016). 

 

QMP is highly volatile, and composed of five major semiochemicals; (E)-9-oxodec-2-enoic 

acid (9-ODA), (E)-9-hydroxydec-2-enoic acid (9-HDA) (two enantiomers), methyl p-

hydroxybenzoate (HOB) and 4-hydroxy-3-methoxyphenylethanol (HVA) (Slessor et al., 1988).  

These are believed to function in combination. Workers will lick and exhibit antennating 

behaviour (touching antenna between individuals) towards the queen within the hive in 

response to QMP. Studies into the components of QMP have shown that workers contact a 

false queen comprised of all five components more regularly than single compounds, or lesser 

numbers used in combination (Slessor et al., 1988). The blend of all five compounds was 

sufficient to generate a response at doses as low as 10-3 Qeq. QMP is quantified in terms of 

Qeq (Queen equivalents), defined as the amount of QMP a mated European queen A. mellifera 

will produce in a 24-hour period. This contains 200 µg ODA, 80 µg 9-HAD, 20 µg HOB and 

2 µg HVA (Pankiw et al., 1996).   

 

There is some evidence to imply that QMP alone is not sufficient to replicate the presence of a 

queen, despite this being able to repress worker reproduction. Brood pheromone also plays a 

role in the repression of worker ovaries (Pettis, J S. et al., 1997). Other actions, such as retinue 

attraction for instance, are possibly not induced by QMP alone. This has led to the identification 

of a further four compounds that are inactive alone or in combination, but act synergistically 

with QMP to attract the retinue (termed Queen Retinue Pheromone- or QRP). These are methyl 

(Z) octadec-9-enoate (methyl oleate), (E)-3-(4-hydroxy-3-methoxyphenyl)-prop-2-en-1-ol 

(coniferyl alcohol), hexadecane-1-ol, and (Z9,Z12,Z15)-octadeca-9,12,15-trienoic acid 

(linolenic acid) (Keeling et al., 2003).  These compounds originate in the head of the queen, 

but not the mandibular glands- unlike the components of QMP. The requirement of nine 

compounds to illicit a response makes this one of the most complex pheromone blends yet 

identified to induce a single behaviour in any known organism (Keeling et al., 2003).  

 

1.11 The evolution of honeybee QMP 

 

It was originally believed that A. mellifera did not exhibit the enrichment of CHCs in the fertile 

caste that is so ubiquitous to the other social Hymenoptera (Van Oystaeyen et al., 2014). This 

raised many theoretical possibilities for the highly derived honeybee QMP. In the context of 
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the inevitable evolutionary arms race within social species- a queen is trying to repress 

reproduction in her subordinates, and the workers are trying to escape this repression. In this 

system, every time escape of repression occurs, it would necessitate the evolution of 

increasingly more elaborate systems to prevent it. If sensitivity to the ancestral CHCs was lost, 

or escape mechanisms evolved (reflected in QMP lacking these common compounds), then 

this would necessitate the evolution of new mechanisms (Hefetz and Katzav-Gozansky, 2004; 

Kocher and Grozinger, 2011; Oi et al., 2015). Over time, this would lead to an elaborate blend 

of compounds capable of repressing reproduction in a manner that likely targets highly 

conserved pathways for regulating reproduction. These likely would have high fitness costs if 

modified, ensuring consistent repression was established. It is thought that the complexity of 

QMP was the by-product of this system.  

 

Recent work, however, showed that not only do A. mellifera possess the common CHC queen 

signals, but that these are still functional (Princen et al., 2019). This system was also varied, 

with four entirely new classes of compounds being identified which were capable of repressing 

worker reproduction. These included; cuticular esters, cuticular alkenes, tergal gland esters and 

tergal gland acids (Princen et al., 2019). One class in particular- the tergal gland esters- was 

capable of repressing worker reproduction to the extent observed with QMP- suggesting that 

in theory queens do not require QMP at all to repress their workers. This study also then tested 

the individual components of QMP, and even more surprisingly found that 9-ODA and 9-HDA 

individually were both capable of repressing reproduction to the same extent as QMP (Princen 

et al., 2019), and that they are not acting synergistically. Between these two components of 

QMP, as well as the tergal gland esters, this suggests that there are now three ‘layers’ of 

redundancy to this system.  

 

This astonishing level of complexity and redundancy therefore raises the question; how and 

why do these mixes of compounds exist? The previous concept that QMP was evolved as the 

efficacy of CHCs declined is now null, but the follow on concept that QMP is the product of 

an arms race does still apply. The driving selective force behind it has simply changed. Instead 

of QMP evolving to compensate for a non-functional CHC repressive system, it perhaps is 

driven by several different factors; the distance of which the signal can act, redundancy, 

evolution of novel functions, a reflection of reproductive state and to make a signal that is 

harder for workers to escape via mimicry (Princen et al., 2019).  
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It is possible that the combination of non-volatile compounds in CHCs, as well as the volatiles 

from QMP allow the repressive signal to act over a greater range of distances than would 

otherwise be possible (Katzav-Gozansky et al., 2001; Keeling et al., 2003; Slessor et al., 1988; 

Wossler and Crewe, 1999), creating an obvious positive selective element for this pheromone. 

Allowing for redundancy in the system which tightly governs the entire basis for a groups 

social structure also has significant benefits (Partan and Marler, 2005; Smith and Liebig, 2017), 

as it makes the escape from repression more difficult to achieve. The evolution of QMP could 

also have been driven by the benefits of novel functions these compounds may possess. For 

instance, the functions of QMP are not limited to the repression of reproduction, but also attract 

drones on a mating flight, prevent the rearing of new queens, and induce young workers to feed 

and groom the queen (Keeling et al., 2003; Naumann et al., 1991; Slessor et al., 1988). For 

example, 9-ODA acts as an attractant for drones during a mating flight (Brandstaetter et al., 

2014; Butler and Fairey, 1964; Gary, 1962; Loper et al., 1993). 9-ODA is also greater in mated 

queens than virgin ones (Pankiw et al., 1996; Plettner et al., 1997), perhaps serving the purpose 

of attraction to the correct reproductive state. As both 9-ODA and 9-HDA serve as significant 

repressive compounds in QMP, perhaps 9-ODA has specialised in attraction and maintaining 

worker repression before mating. In this way, retaining the CHC based repression, could allow 

for the modification and evolution of new compounds to serve novel beneficial functions.  

 

This complex pheromone blend could also serve the purpose of allowing the workers to have 

a highly accurate read of the reproductive status of the queen, and the subsequent health of the 

hive. This is useful for significant ‘decisions’ for the hive, such as swarming behaviour 

(Grozinger et al., 2014). Swarming at the incorrect time can have detrimental effects for the 

hive- perhaps diving the workforce too greatly creating strain, or alternatively if too late, 

meaning the hive is too large, and unable to function efficiently. In this way, an accurate 

indicator of queen state is vital for these societies. The final possible benefit is closely linked 

to that of redundancy- namely multiple compounds being produced by the queen makes it 

difficult for workers to mimic the queen’s chemical signal, and gain the fitness advantage of 

reproduction. It is a similar principle to that of making a nations currency or passports, with 

multiple components which are difficult to forge- it decreases the chances of a successful 

counterfeit being made. There is already evidence that workers are capable of mimicking 

compounds produced by the queen (Katzav-Gozansky et al., 2003; Martin et al., 2004; Niu et 

al., 2016; Okosun et al., 2015, 2017; Schäfer et al., 2006; Sole et al., 2002), perhaps having 

necessitated the evolution of increasingly more complex blends to confound this mimicry. It is 
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also of course possible that more than one of these hypothetical selective benefits are driving 

the evolution of this complex pheromone.  

 
 
1.12 Apis mellifera as a eusocial model 
 
 
 
A. mellifera the western honey bee, are of great importance for a variety of reasons. Obviously, 

their honey production itself has generated a global market with significant economic interests. 

New Zealand, for example, has a honey industry that is estimated to be worth ~$350 million 

annually as of 2018. This made up over 6% of the national horticultural exports for this nation 

(Statistics New Zealand). Aside from the obvious production of honey however, honey bees 

are vital for pollination, both for their role in the pollination of wild-plants, as well as in 

managed agricultural settings. They are the most commonly used species worldwide for crop 

pollination- whether in fields and orchards, or in enclosed systems (Garibaldi et al., 2017). 

However, in the past 10-15 years, we have seen the rapid decline in honeybee health and 

populations, subsequently termed colony collapse disorder (CCD). This seems to be associated 

with pathogen load and a variety of stress factors (VanEngelsdorp et al., 2009), which could 

have obvious negative consequences for other pollinator species which overlap in their ecology 

with A. mellifera also. Therefore, our use of honey bees as a system to study for the sake of 

further understanding their health, as well as for a model for social insect evolution, is vital.  

 
1.12.1 Caste Development 
 
 
A. mellifera have long been one of the common eusocial models of choice. They display all of 

the three classical requirements for eusociality (Michener, 1974), and also exhibit significant 

plasticity associated with this sociality. This species shows two distinct and well-characterised 

plastic events in response to limited environmental changes (Thompson et al., 2007). Female 

honeybees share the same genetic complement, yet develop into two vastly different castes- 

that of queen or workers (Fig. 1.2). This depends on the environmental factor of early life 

nutrition, namely royal jelly (Buttstedt et al., 2014; Cameron et al., 2013; Huang et al., 2012; 

Kamakura, 2011; Kucharski et al., 2008; Townsend and Lucas, 1940).  Royal jelly is a complex 

substance that is not yet understood and is produced by the hypopharyngeal glands of worker 

bees. It includes many components (Shuel and Dixon, 1959) such as; protein, sugar, lipids, 

vitamins, salts, free amino acids (Buttstedt et al., 2014), antimicrobial agents and histone 
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deacetylase inhibitors  (Spannhoff et al., 2011) as well as other poorly characterised 

compounds. A large proportion of the protein component of royal jelly is comprised of several 

Major Royal Jelly Proteins (MRJPs). These have evolved from a family with origins in bacteria; 

the Yellow proteins (Maleszka and Kucharski, 2000), and appears to be unique to the 

Hymenoptera  (Drapeau et al., 2006).  

 

 

 
 

 
Figure 1.2 An image showing the phenotypes of female A. mellifera. The left shows a worker 
honeybee, the right shows a queen. Notable differences include; a larger overall body size in 
the queen, as well as an enlarged abdomen and jagged mandibles. Workers possess corbiculae 
(pollen carrying baskets) that are absent in the queen. Image courtesy of Alex Wild, used with 
permission. 
 

After development, there are various behavioural and biological differences between these two 

castes. Queens are larger, possess jagged mandibles, produce queen mandibular pheromone, 

have a greater fecundity- with a spermatheca and active ovaries (120-200 ovarioles on average) 

and an extended life span of 1-3 years (Seeley, 1978).  Workers however, poses inactive ovaries 

with only 2-12 ovarioles and no spermatheca (Cridge et al., 2015), have corbicula (pollen 

carrying ‘baskets’), undertake nursing and foraging roles within the hive, and have a short life 

span of 2-5 weeks in summer and up to 20 weeks in winter (Fukuda and Kiichi, 1966; Winston 

et al., 1981).  The queen bee is usually the only reproductive female within the hive, with 

worker bees tending to the young, caring for the queen and foraging. This is a significant 

difference in castes produced by environmental influences (including royal jelly), highlights 

not only the plastic nature of honeybees, but also how they make an excellent model for 

understanding gene-environment interactions.  
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1.12.2 Ovary activation 
 
 
Worker bees exhibit a second type of plasticity; that of ovary activation. The queen bee is 

normally the only reproductively active female within the hive. Workers are subjected to 

reproductive repression in a queen-right hive, in response to the environmental signal of queen 

mandibular pheromone (QMP)(Butler and Fairey, 1963; Hoover et al., 2003) and pheromones 

produced by her brood (Arnold et al., 1994; Mohammedi et al., 1998; Traynor et al., 2014).  In 

the presence of the queen the workers have small, undeveloped, quiescent ovaries (Jay, 1968; 

Kropáčová and Haslbachová, 1969, 1970; Perepelova, 1929). However, once the 

environmental signal of QMP is removed, if there is no opportunity to make a new queen, 

roughly one third of workers will activate their ovaries (Jay, 1968). 

 

 
 

Figure 1.3 A Figure showing the phenotypes of a queen or worker A. mellifera (top left), as 
well as the size differences of their ovaries (bottom left- note differences in scale, scale bars 
indicate 1 mm). The stages of ovary activation, ranging from inactive (0) to capable of laying 
eggs (3) are highlighted on the right. Figure from Duncan et al. 2016, used by permission. 
 
The workers sense this environmental change and undergo significant ovarian remodelling 

within a short space of time (~10 days) (de Groot and Voogd, 1954). During this time, their 

ovaries increase in size, and show signs of maturation, such as yolk deposition in oocytes. The 

end product of which allows them to lay unfertilised eggs by arrhenotokous parthenogenesis, 

producing male offspring (drones). This process of activation involves significant changes in 

ovarian morphology (Fig. 1.3). These tissues are going from functionally sterile ovaries in a 

state of quiescence, to ones capable of active reproduction in a very short span of time. During 
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this time span, over a third of the entire genome shows significant changes in gene expression- 

showing that this is an active, large-scale process (Duncan et al. submitted). This provides the 

opportunity to study the molecular mechanisms involved in not only the repression of an ovary, 

but the subsequent activation. The transition process between these states is along a well 

characterised spectrum of ovarian phenotypes (Duncan et al., 2016). In itself, this is a great 

tool- as one can study not only these different states of ovarian function, but all of the 

intermediate stages. Logically, the key pathways which underlie not only the repression, but 

plastic activation of an ovary are altering their patterns of expression within this time period, 

and as such appropriate studies allow for investigation and identification of these. For instance, 

the RNA-seq study carried out by Duncan et al. was able to identify Notch cell signalling as a 

key pathway which regulates this process, and to take this candidate and functionally validate 

it, providing the first proximate mechanism for control of reproduction in worker honeybees 

(Duncan et al., 2016). This has implications for our understanding of the ways sociality affects 

reproduction, but also how the environment does too. It was once believed this showed 

evidence of a single environmental influence regulating this process, allowing for the study of 

this process without a multitude of confounding environmental signals. However, the recent 

study which shows that A. mellifera possess functional cuticular hydrocarbons which also 

repress worker reproduction to the same extent as QMP (Princen et al., 2019) has added a level 

of complexity to this system which requires further investigation.  

 

1.12.3 Genetic techniques available 

 

One of the limiting factors in the use of honey bees as a model system has been the difficulty 

in both rearing in a laboratory environment and getting reliable genetic techniques to determine 

and/or alter gene function. Any studies into the development of a larvae through to an adult 

often rely on the hand-rearing of these individuals, which is both time and labour intensive 

(reviewed in (Crailsheim et al., 2013)).  

 

Early attempts to get RNA-interference (RNAi) functioning in the adult worker honeybee was 

via abdominal injection. The effects of which, however, were difficult to interpret, as studies 

were from whole individuals (Amdam et al., 2003), or if studied, the knockdown was limited 

to the fat body (Jarosch and Moritz, 2011). Tissues of interest, such as the ovary, showed no 

knock-down in gene expression (Jarosch and Moritz, 2011). Some success was reported with 

a nebulized nanoparticle-siRNA complex was sprayed onto honeybees. However, once again 
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the fat body appears to be the only tissue to show effects, and as such the technique has not 

been widely adopted for use in adults (Li-Byarlay et al., 2013).  

 

Developmental RNAi has been much more successful in honey bees. This involves the 

injection of dsRNA directly into recently laid eggs, allowing for the disruption of a 

developmental phenotype (Dearden et al., 2009). Overall, RNAi is limited by developmental 

stage in A. mellifera, with adults traditionally being constrained by tissue specific effects. Some 

successes have been made, although these have been transient (Ronai et al., 2015a), with the 

most promising RNAi being used on the doublesex pathway (Velasque et al., 2018). The first 

instance in which genetically engineered honey bees were generated was through the use of 

piggyBac cassettes (Schulte et al., 2014). However this technique seems to have been rapidly 

replaced by the CRISPR/Cas9 system.  It is a genome editing technique that allows Cas9 

nuclease complexed to a synthetic guide RNA to be introduced into a cell. This cuts the genome 

at a targeted location, allowing for the removal or addition of genes (Ran et al., 2013). One 

study to apply this technique to honey bees injected the sgRNA and Cas9 mRNA into fertilised 

honeybee embryos which were reared into queens. Of these, one produced male offspring, ~12% 

of which were genome edited (Kohno et al., 2016). More success has been seen in subsequent 

attempts with CRISPR/Cas9 (Hu et al., 2019; Kohno and Kubo, 2018; Roth et al., 2019), 

showing that it is now a viable and reliable technique, producing heritable modifications. It 

should be noted, however, that there are difficulties associated with this technique also. For 

instance, phenotypes induced by CRISPR/Cas9 can be mosaic. In this case, further work would 

be required to try to establish a more stable phenotype.  It remains an issue with 

developmentally focused studies in particular.  

 

Using CRISPR/Cas9 in other hymenopteran species has also shown to be effective, with it 

being carried out successfully in the parasitic wasp Nasonia vitrtipennis (Li et al., 2017), and 

ant Harpegnathos saltator (Yan et al., 2017). This provides opportunities for comparative 

studies when investigating genes that are hypothesised to be vital in many different social 

species. Finally, work in the mosquito Anophales gambiae, has shown that Cas9 can be 

delivered specifically to the germline of the ovary after adult injection. This has been termed 

Receptor-Mediated Ovary Transduction of Cargo (ReMOT Control) (Chaverra-Rodriguez et 

al., 2018), and provides exciting opportunities to increase the efficacy of CRISPR/Cas9 in 

honey bees. This technique prevents the need for embryonic injection, theoretically reducing 

the mortality and time required for injection and rearing, whilst increasing efficacy. It remains 
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to be seen how useful this may prove in A. mellifera, but given the high reproductive output of 

a queen bee, theoretically many gene-edited offspring could be produced rapidly with this 

system.  

 

A. mellifera are of interest for a plethora of reasons- their sociality (encompassing caste 

development, pheromonal signalling and ovary activation), their economic importance and also 

their ecological importance. With the new genetic techniques available, there is now the 

possibility of functional investigation into mechanisms that were previously difficult to disrupt. 

For instance, there is now the possibility of disrupting genes we believe to be involved in; 

determining a queen or worker phenotype, modulating the reproductive response to 

environmental stimuli or even the way a worker senses the presence or absence of her queen. 

Furthermore, the discovery of both ancestral like CHC pheromone signalling, as well as the 

derived QMP signalling in one organism makes honey bees a fascinating system in which to 

study the evolution and action of social insect pheromones.  

 
 
1.13 Sensing of QMP and signal transduction to the ovary 
 
1.13.1 Dopamine signalling 
 
The mechanism of action of QMP can be broken down into three components. Firstly, the 

sensing of QMP. Through what mechanism does an individual sense this environmental stimuli? 

Secondly, signal transduction. Once sensed, how is this signal sent from the brain (presumably) 

to the ovary? Thirdly, ovarian response. Once the ovary receives the signal, what genetic, 

physiological and morphological changes are induced? The way in which QMP acts is 

obviously reliant on all of these, meaning that multiple mechanisms are likely involved in this 

overall signalling process (Fig. 1.4). 
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Figure 1.4 An image showing the three aspects of response to QMP. From left to right these 
include; 1- the initial sensing, likely through the antennae, processed by the brain, 2- 
transduction of this signal to the ovaries, likely through the haemolymph, and 3- the response 
of the ovary to QMP. Figure provided by Dr Elizabeth J. Duncan.  
 

Staring with the first of the three components- the mechanism through which an individual 

senses QMP- one of the most likely mechanisms which may be playing a role is through 

dopamine signalling. There is some sound logic which underlies this, namely that one of the 

five major components of QMP (HVA-4-hydroxy-3-methoxyphenylethanol/ homovanillyl 

alcohol) is structurally similar to dopamine (Beggs et al., 2007), to the extent that it is capable 

of binding the dopamine receptor dop3 (Beggs and Mercer, 2009). In honeybees, dopamine 

levels decrease in the brain with exposure to QMP (Harris and Woodring, 1995). Conversely, 

if dopamine is supplemented into a worker bee diet, she is more likely to activate her ovaries 

(Dombroski et al., 2003). Brain dopamine is seen to increase with increased nutrition, making 

workers more likely to transition to a reproductive state also (Matsuyama et al., 2015). In the 

ovary, Dop1 expression is decreased by exposure to QMP, however dop3 is increased (Vergoz 

et al., 2012) This result however needs to be interpreted with caution, due to the small number 

of individuals used, and the broad classification of active vs. inactive ovaries. More stringent 

studies classify ovaries based on many stages of activation, which are shown to have differing 

gene expression in each (Duncan et al., 2016). It does however imply that dopamine signalling 

may be a system by which QMP is both sensed, and that signal then sent to the ovary. How 

QMP is being sensed is still unknown, whether it be by olfactory receptors in the antennae, 

gustatory receptors in the gut, or even the combined action of both. Therefore, more work is 

required to investigate this possibility.  

 

Brain Ovary

Hemolymph
Antennal
lobes

Fig. 4: QMP is sensed by the antennal lobes/brain and the signal is transmitted 
to the ovaries to be alter Notch signalling.  We will sample brain (for gene 
expression), hemolymph (for metabolomics and proteomics) and ovary (for 
measuring Notch activity) at defined time points after the queen is removed 
from the hive.  This data will be used to construct the regulatory networks linking 
QMP to ovary activity in the honeybee.
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High levels of dopamine has been shown to be important in fertility in insects, such as in 

Drosophila melanogaster (Neckameyer, 1996).  This also applies to the social Hymenoptera, 

where ovary activation and high levels of brain dopamine are correlated. This is seen a variety 

of the insects within this order, from honeybees (Harris and Woodring, 1995; Matsuyama et 

al., 2015; Sasaki and Nagao, 2001) and bumble bees (Bloch et al., 2000), to ants (Boulay et al., 

2001; Okada et al., 2015; Penick et al., 2014; Shimoji et al., 2017a) and primitively eusocial 

wasps (Sasaki et al., 2007, 2009). Aside from the correlation with reproductive state, work in 

an ant has further implied a role for brain dopamine. The presence of a queen, as well as 

dominance interactions are capable of supressing brain dopamine in workers- who are non-

reproductive (Shimoji et al., 2017b). This would suggest that perhaps the non-derived social 

hymenopteran queen signals are also capable of regulating brain dopamine. If this is the case, 

perhaps the dopamine mimic in QMP (HVA) has evolved to be even more manipulative in this 

system.  Overall, it implies the role dopamine is playing in reproduction may have been co-

opted to function in eusocial reproductive constraint.   

 

1.12.2 Nutritional State 

 

Other factors have been proposed to play a role in the response to QMP. For instance, 

nutritional state has been shown to strongly influence the way workers respond to QMP 

(Walton et al., 2018). This does not necessarily make nutrition-sensing a pathway through 

which QMP is acting, but rather may establish a nutritional background, and set a reproductive 

potential therein. When a worker larvae has her nutrition restricted, she shows a higher interest 

in QMP as an adult, by contacting this more than her well-fed sisters (Walton et al., 2018). 

This is hypothesised to perhaps be due to her having a reduced reproductive potential upon 

emergence, making her greatest fitness benefit be in aiding her relatives. It could also be an 

indication that the hive is in decline, and as such encourage behaviours which might help to 

ameliorate the issues underlying this (Walton et al., 2018). Conversely,  adult workers which 

underwent nutritional restriction did not show the same trend of increased QMP contact. 

Instead they were less interested in this stimuli (Walton et al., 2018). It was anticipated that 

nutritional stress increases cooperation (which would be reflected in QMP contact), which was 

observed in larvae. Adults however, did not.  

 

These stark differences in the role of nutrition and behavioural response to QMP in relation to 

age are perhaps explained by the likelihood of these individuals reproducing successfully. The 
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reduced nutrition may signal a decline in hive health. Since the adult starved as a larvae does 

not have much chance of successfully reproducing, she aids the hive. The adult undergoing 

nutritional stress, perhaps bet-hedges. Instead of continuing to invest in a dying hive, she 

instead chooses to try and gain direct fitness by reproducing herself.  This is of course simply 

speculation, as levels of ovary activation or reproductive output were not measured in this study.  

 

Despite this, it seems that the background of nutritional state affects the response to QMP, and 

as such nutritional signalling may play a role in the action of QMP. It already dictates the caste 

a female honey bee will emerge as, and therefore may also set up a pheromonal response 

threshold for later life.  

 
1.14 Ovarian response to QMP 
 

1.14.1 Notch cell signalling 

 

Regardless of how, it is clear that QMP is sensed by workers, and this signal is transduced to 

the ovary to induce reproductive repression. The mechanism with the clearest evidence so far 

is Notch signalling (Duncan et al., 2016).  Notch is a pleiotropic pathway, with varied roles the 

span from embryogenesis through to adulthood.  It acts when the ligands Delta and Serrate 

bind the Notch receptor, which is cleaved by the γ-secretase complex, allowing the Notch 

intracellular domain (NICD) to translocate to the nucleus. This leads to the recruitment of 

histone acetyltransferases (HATs), allowing for the activation of transcription of a variety of 

genes, such as E(spl)-C (Figure 1.6) reviewed by (Bray, 2006)). It controls vital processes such 

as differentiation and cell fate specification, and plays some role in proliferation and apoptosis 

(Guruharsha et al., 2012; Schwanbeck et al., 2011). The best described role of Notch was first 

observed in D. melanogaster, where it determined the specification of neurectoderm into either 

neuronal or epidermal cells during neurogenesis by lateral inhibition. However, Notch 

signalling is not limited to this role, and being highly conserved, has a function in the 

development of tissues and organs in a wide variety of animals (Guruharsha et al., 2012).   
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Figure 1.5 A figure showing Notch cell signalling, where the Notch receptor is activated by 
the binding of the ligands Delta or Serrate.  The intracellular domain of Notch (NICD) is then 
cleaved by the γ-secretase complex, which translocates to the nucleus. This leads to the 
recruitment of histone acetyltransferases (HATs), allowing for the activation of transcription 
of a variety of genes. Figure provided by Dr Elizabeth J. Duncan.  
 

Much of the function Notch signalling has in reproduction is known from work in D. 

melanogaster where it plays many roles. These include controlling the formation and 

maintenance of the germ stem cell (GSC) niche, as well as the cap cells  (Song et al., 2007). 

The GSC niche plays a vital role in reproduction, as they regulate stem cell behaviour. The 

stem cells themselves rely on cell-cell adhesion, as well as their support cells to keep them 

physically close to signals for self-renewal. These cap cells regulate the size of the niche, 

therefore loss or expansion of these leads to reduction or expansion of the niche. This can be 

induced by altering Notch signalling within these cells (Song et al., 2007).  It controls the 

proliferation and differentiation of somatic follicle cells, by aiding in the migration of these 

cells, as well as polarizing the anterior-posterior axis of the oocyte (López-schier and Johnston, 

2001). It also defines distinct follicle cell populations (Assa-kunik et al., 2007).  Notch 

signalling obviously plays a vital role in reproduction, both during development, and in 

maintenance roles afterward. However, some of its most fascinating roles are in its ability to 
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regulate reproduction in response to environmental cues. D. melanogaster were shown to 

reversibly plastically decrease and expand their GSC niche based on the environmental cue of 

a nutrient poor or rich diet. This was through Notch signalling altering the populations of cap 

cells (Bonfini et al., 2015). It suggests that Notch is an excellent candidate for regulation of 

reproduction in response to environmental cues.   

 

This environmental responsiveness, in this case to QMP, was supported by 

immunohistochemical stains of the worker honey bee ovary for the NICD, whereby the 

localisation to the nucleus indicates whether the cell is actively receiving the Notch signal. The 

NICD could only be detected in the  nuclei of  germarium of queen-right worker bees, meaning 

it is being lost as workers activate their ovaries (Duncan et al., 2016). This was supported by 

Numb being found in the germarium instead (Duncan et al., 2016), which can interact with the 

NICD and deplete it (Mcgill et al., 2009). Further demonstrating this was investigations into 

alterations of Notch signalling within the ovaries of workers at differing levels of activation, 

by qRT-PCR. Enhancer of split (E(spl)-C) genes were used as a proxy for Notch signalling 

activity, as their expression is regulated by Notch (Cooper et al., 2000; Duncan and Dearden, 

2010). It was found that as ovaries became more active, two of these genes decreased 

expression. In situ hybridisation showed that these genes were expressed in the germarium of 

the ovary in queen right workers. This is the region where oocytes are specified from germ 

cells, and has previously been linked to fertility in honeybees (Tanaka and Hartfelder, 2004). 

In queen-less workers, this expression is lost, suggesting that as honeybee workers initiate 

oogenesis in response to the loss of QMP, Notch signalling activity is decreased. Overall 

Duncan et al. made a strong case for Notch signalling being reduced as workers activate their 

ovaries, indicating that it is a proximate mechanism for controlling reproductive constraint in 

the worker honeybee.  

 

The finding in honeybees by Duncan et al. is exciting, as not only does it show for the first 

time a molecular mechanism through which QMP acts, but it shows Notch signalling being 

used to regulate reproduction in response to environmental changes. Low levels of Notch 

signalling being associated with active ovaries in honeybees is different to what is observed in 

D. melanogaster, where Notch is needed for establishment and maintenance of the stem cell 

niche (Bonfini et al., 2015; Guruharsha et al., 2012; Ward et al., 2006).  It still remains 

unknown as to whether this is the ancestral function of Notch in insects, but this data suggests 

the function in the germarium may have been to repress cell differentiation (Duncan et al., 
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2016).  It seems likely that Notch signalling has been co-opted from a role in solitary insects 

to repress reproduction of the worker honeybee in response to QMP, thereby underpinning 

eusociality in this species.  

 

There have been many proposed mechanisms through which QMP may repress reproduction 

in the worker bee. Of these the evidence for Notch cell signalling is the most robust. However, 

this does not mean that there are no other pathways involved in this process. The response to 

QMP is likely through highly complex, redundant mechanisms, and as such it is unlikely that 

a single gene or pathway is wholly responsible.  

 

1.14.2 Anarchy (PMP34) and programmed cell death 

 

Other hypotheses that are still controversial include Anarchy and programmed cell death 

(Ronai et al., 2015a, 2015b, 2016). In the Anarchy study, it was proposed that QMP is acting 

to induce programmed cell death/apoptosis in the ovaries of workers. Thus, effectively 

repressing reproduction. The mechanism through which this acts was underpinned by the gene 

Anarchy. It should be noted that Anarchy was the name given for this study, with the previously 

identified gene D. melanogaster gene being termed PMP34. A variety of factors were 

concerning, such as a single reference gene being used for RT-qPCR (Vandesompele et al., 

2002), and that RNAi was used, when it has been proven to be a technique that affects only the 

fat body in bees, and not the ovary (Jarosch and Moritz, 2011; Li-Byarlay et al., 2013). Despite 

this, knockdown was shown, however it was only transient, and unable to be linked with a 

phenotype. It is also claimed that Anarchy expression was capable of predicting a worker’s 

ovary state 88.2% of the time. This is less effective than some of the components of the Notch 

cell signalling pathway identified by Duncan et al., such as Serrate (93%), or bHLH2 (97%), 

suggesting these are far more reliable mechanisms of prediction.   

 

Adding to the potential issues with this anarchy/cell death hypothesis, is the logic in the entirety 

of this highly complex, specialised reproductive response to the environment being based on a 

single gene. Given that there are evolutionary arms races occurring, in which workers are 

presumably trying to escape repression, it seems unlikely that the way to combat this is through 

the use of only one gene to maintain repression. Especially in light of the Duncan et al. study 

over 3,000 genes showed differential expression in response to the presence or absence of QMP 

(Duncan et al., submitted), to single out one gene seems to be somewhat biased. Notch cell 
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signalling, while a single pathway, is highly pleiotropic with a wide variety of roles already 

established in reproduction. The authors of this paper also acknowledge that there are likely 

other pathways acting in this response. The function of Notch seems to be in acting early to 

trigger the ovarian aspect (Duncan et al., 2016), whereas there are obviously other tissues and 

signalling pathways involved in this process.  

 
 
1.15 QMP represses non-target species 
 
 
At first glance it is unusual to go looking for conserved responses to QMP in species other than 

A. mellifera, in which it has evolved a highly specialised role and is highly derived (Van 

Oystaeyen et al., 2014). Despite this, for a period of roughly twenty years this was a burgeoning 

field of study, in which various social and non-social arthropod species, were exposed to QMP 

in order to study the conserved effects that may exist on their reproductive capacity. These 

early studies pre-dated the isolation of the components of QMP, and therefore they are often 

carried out with a single known component ((E)-9-oxodec-2-enoic acid (ODA)), or with ‘queen 

extract’- which most likely contained an active blend of substances, however the quantity and 

purity of this unknown.  

 

1.15.1 Social species 

 

It was discovered that honeybee QMP (or components thereof) was capable of repressing 

reproduction in a wide variety of arthropods, showing a broad phylogenetic effect. That social 

insects respond is perhaps less surprising, as they have pheromone control of reproduction 

within their own species. However, QMP from honeybees has been shown to be derived in 

comparison to pheromones from other insect species which had independently evolved 

eusociality, such as ants, wasps and bumble bees (Van Oystaeyen et al., 2014).  A lack of 

response would not be unexpected. It was shown, however, that queen honeybee head extract 

was capable of inhibiting the development of new reproductives within the termite species 

Kalotermes flavicollis (Hrdy et al., 1960),  which are ~360 million years diverged from 

honeybees (Thomas et al., 2013). It was later determined that queen heads of the termite 

Orthogonius assmuthi contain 9-ODA (a component of QMP) (Sannasi and George, 1972).  

QMP was also seen to inhibit ovary development in Formica fusca worker ants (Carlisle and 

Butler, 1956). Conversely, it was discovered that there appears to be a reciprocal role, in which 
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extracts of the queen head of the Orthogonius assmuthi are able to prevent the rearing of new 

queens within the hives of both A. mellifera and Apis cerana (Butler, 1965).  This evidence, 

unfortunately allowed to languish in obscurity for many decades, would suggest that there is 

some strong conservation of response to pheromones within the social insects. Also, it 

highlights the possibility that pheromones evolve to take advantage of existing control 

mechanisms, raising exciting questions about the evolution of eusociality. 

 

1.15.2 Non-social species 

 

Even more unexpected, was the evidence of highly diverged, non-social species responding to 

honeybee QMP.  The common house fly Musca domestica Linnaeus (Nayar, 1963) and the 

fruit fly D. melanogaster (Sannasi, 1969) belong to the order Diptera, which have not shared a 

common ancestor with the order containing honeybees for ~340 million years (Misof et al., 

2014). They both exhibit reduced ovary length and width when injected with 9-ODA. Despite 

the invasive means of delivery, and the limitations of the characterisation of the phenotype due 

to the technology available at the time, it is a fascinating result. Neither of these species have 

the defined social structure we observe within honey bees, they do not overlap in their ecology 

with honey bees, and as such are unlikely to ever be exposed in their evolutionary history. 

Therefore, no response to this highly derived chemical cue should be observed. However, since 

there is a response, it implies that there may some ancient, conserved mechanism for 

responding reproductively to environmental cues, which has been co-opted for use in social 

insects.  

 

1.15.3 Non-insect arthropod 

 

The most bizarre of the experiments done within this time period was conducted with an 

organism that is not only non-social, but also not an insect; the prawn Leander serratus. Despite 

still being an arthropod, Crustacea and Hymenoptera have not shared a common ancestor for 

~520 million years (dos Reis et al., 2015), making it highly unlikely that there should be a 

conserved response to pheromone cues. In this study, female prawns had their eye stalks 

removed (the source of their own ovary inhibiting hormone), and honeybee queen extract was 

applied. This was sufficient partially prevent the activation of the ovary, and produced ovaries 

that weighed significantly less than those from the group that had their eye stalks removed and 

no pheromone applied (Carlisle and Butler, 1956).  The reciprocal experiment was also 
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performed, in which eye stalk extract from prawns was administered orally to newly emerged 

worker bees, and led to a significant reduction in the number which activated their ovaries 

(Carlisle and Butler, 1956).  

 

These studies that were carried out in excess of 50 years ago are obviously limited by the 

understanding and techniques of their time. Crude measurements, such as ovarian length, were 

the way in which reproductive capacity was ascertained. As such, there must be some caution 

in the interpretation of this work. However, the broad span of the arthropod phylogeny across 

which QMP is capable of acting is truly astounding. QMP has only been evolving for ~55 

million years (Peters et al., 2017), yet is capable of repressing species in excess of 500 million 

years diverged. This suggests QMP is acting to target pathways far more ancient than QMP 

itself. Also, that these pathways targeted are both ancient and highly conserved. Overall, it 

implies that QMP may evolved to co-opt ancestral pathways for responding reproductively to 

the environment, or even to mimic the signals which regulate this process.  

 
 
1.16 D. melanogaster as a tool to understand QMP response 
 
 
It was at this point roughly fifty years ago that the literature on the response of insects other 

than honeybees to QMP becomes static. This was most likely due to the lack of characterisation 

of the compounds of QMP, and the limited technologies for understanding the mechanisms 

which underlie the phenotypes observed. However, in 2013 a paper was published which 

confirmed the earlier findings in D. melanogaster; namely that their reproduction is repressed 

by honeybee QMP (Camiletti et al., 2013).  D. melanogaster were exposed through diet to 

varying concentrations (3.25-26 Qeq) of synthetic QMP for 48 hours. After this their ovaries 

were dissected and fixed, both the number of mature oocytes and ovary area were measured. 

This showed that both measurements were reduced in response to QMP, with the mature oocyte 

number being concentration dependent. QMP significantly reduced numbers of oocytes were 

observed at concentrations as low as 6.5 Qeq (Camiletti et al., 2013). Further work then went 

on to investigate mechanisms through which QMP may be sensed in D. melanogaster, in 

particular through olfaction (Camiletti et al., 2016). 

 

The response in D. melanogaster to QMP provides a myriad of research opportunities, as the 

tools available for studying molecular mechanisms in honeybees have, until recently, been 
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limited (see section on the Genetic techniques available). This is due to a variety of factors; 

such as the risk of injury from stings, physical containment restrictions and the requirement of 

the hive for tightly controlled conditions. Regardless of which technique is used, another 

limiting factor to modifying honeybees in research is their sociality itself. Being a species that 

relies so heavily on a harmonious existence of thousands of individuals, all of which have 

specific tasks to perform, any disruption to this can be devastating. In theory, this would include 

wasting resources on individuals that have some genetic defect (whether this arises by natural 

variation, or through targeted means in a research capacity) that may disrupt their development, 

or ability to contribute to the hive. As such, there is the possibility that these non-contributing 

members could be culled by other workers, effectively ending their study. Alternatives would 

involve keeping these individuals isolated from the greater hive, which then requires very 

careful rearing and handling.  

 

D. melanogaster provide an answer to many difficulties involved in working with honeybees. 

They are a well-established and useful tool as they have; rapid generation times, are easy and 

safe to house and work with, and have a plethora of tools and techniques available for use. This 

means D. melanogaster can be used as a rapid first-pass approach for screening genes or 

pathways involved in the response to QMP, with likely candidates being further investigated 

in honeybees. This initial large-scale approach is already in use to determine some of the 

mechanisms by which QMP is being sensed by D. melanogaster. Mutation and RNAi 

approaches have shown the Orco (an olfactory co-factor), as well as the odorant receptors 

Or49b, Or56a and Or98a may be important in detecting QMP (Camiletti et al., 2016).  

 

Not only is this a rapid and useful way to screen genes to investigate further in honeybees, but 

the results may also give us insight into the evolutionary history of the response to QMP. That 

this non-social species responds to a highly specialised and diverged social insect pheromone 

would suggest that it is targeting ancient and conserved mechanisms for responding 

reproductively to the environment. By using the wide variety of tools available in D. 

melanogaster, it is possible that mechanism may be identified which are important in bees. 

Also, by comparing this presumably ‘ancestral like’ response we see in D. melanogaster to the 

specialised one we see in A. mellifera we some light may be shed on the evolutionary history 

of this response.  
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1.17 Current Work 

 

The aim of this study was to gain an understanding of the mechanisms through which honey 

bee QMP induces reproductive constraint, the evolutionary history of this response, and it’s 

role in the evolution of sociality in A. mellifera. To do this, D. melanogaster were used as a 

tool to investigate the action of QMP in a species which is not eusocial, and highly diverged. 

This approach was used as phylogenetic distance between D. melanogaster and A. mellifera is 

far greater than the period in which QMP has evolved. These two species are 340 million years 

diverged, and QMP is capable of inducing repression in both of them. QMP itself, however, 

has only evolved in the last 55 million years. This implies that QMP is acting through ancient, 

highly conserved mechanisms of regulating reproduction far older than QMP itself. It may even 

be mimicking the environmental signals which trigger these responses. These conserved 

mechanisms are likely still present in D. melanogaster today, indicated by the repression they 

exhibit in response to QMP. By using the genetically tractable D. melanogaster, this study 

aimed to identify these mechanisms. To do so, I aimed to generate a clear understanding of the 

characteristics of the D. melanogaster response to QMP, including such features as the timing 

of exposure necessary to induce a response, the doses at which repression can be induced, and 

how these individuals may be sensing QMP. I aimed to identify mechanisms by studying some 

of the known mechanisms acting in the honeybee response to QMP, as well as going further to 

investigate any previously unidentified mechanisms. This was carried out in two ways- through 

large scale mutagenesis and selection for escape from QMP repression, as well as RNA-seq of 

ovarian tissue from D. melanogaster exposed to QMP. The mechanisms suggested by these 

exploratory experiments were used to guide functional work to determine the mechanism 

through which QMP acts.  This identification will provide insight into the type of pathways 

and processes which are regulated by QMP, and have been co-opted for a role in sociality. It 

informs our understanding of the evolutionary history of QMP. Further, it aids our 

understanding of the evolution of eusociality not only in A. mellifera, but with broader 

implications for social species and the co-option of existing pathways for novel functions in 

general.   
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Chapter 2: Materials and Methods 
 

2.1 General Methods and information on Drosophila melanogaster 

 

Drosophila melanogaster have been a genetically tractable model insect of choice for 

over 100 years (Morgan, 1910). They possess a wide variety of features which make 

them ideal for use in the laboratory. They have relatively short generation times, with 

an individual growing from an egg to an adult in 10 days at the standard incubation 

temperature of 25 °C (this is slower at lower temperatures, and faster at higher ones) 

(Fernández-moreno et al., 2007). Once they emerge, an average lifespan is 60 – 80 days 

(temperature and resource dependent), during which time females can have an 

astonishingly high reproductive output. A single mated female may lay up to 100 

embryos per day, which only take 24 hours to undergo embryogenesis (Fernández-

moreno et al., 2007).  

 

2.1.1 D. melanogaster culture and stocks 

 

Drosophila melanogaster populations were maintained at 25 °C on a standard solid 

cornmeal diet (see 2.1.2) with a 12  hour light/dark cycle. Humidity could not be 

regulated with the incubators used, however a tray of water was maintained in the 

bottom of the incubator to raise the humidity and attempt to keep it constant.  D. 

melanogaster were turned onto new food every 1-3 weeks to ensure a steady supply of 

emerging virgin females, as well as the continuance of the population. The line used in 

this project is from the Bloomington D. melanogaster Stock Centre (Indiana 

University).  

 

Table 2.1: D. melanogaster line used in this study 

 

D. melanogaster line Use Stock # 
Oregon-R-modENCODE Wild type 25211 
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2.1.2 Solid cornmeal D. melanogaster diet 

 

Table 2.2 Components of solid cornmeal D. melanogaster diet 

Component Amount 
Agar 27 g 
Brewer’s Yeast 50 g 
Fine Ground Organic Cornmeal 200 g 
Distilled water 3 L 
Methyl p-hydroxybenzoate (10% 
w/v in Absolute Ethanol) 15 ml 
Propionic Acid 20 ml 

 

 

Agar (ash 2.0 – 4.5 %, Sigma Aldrich) was dissolved in 1 L of distilled water by heating. 

Yeast (Health 2000, NZ), cornmeal (Health 2000, NZ) and table sugar (Chelsea Sugar, 

NZ) were added, and remaining water and brought to the boil. This was heated for a 

further 15 min, stirring constantly to avoid burning. The food was removed from heat 

and the propionic acid (>99.5 %, Sigma Aldrich) and methyl p-hydroxybenzoate 

(>99 %, Sigma Aldrich) solution were added. It was poured into bottles or vials (~ 50 

mL and ~ 5 mL respectively). All D. melanogaster were raised on this diet unless 

otherwise stated. Alternate solid foods were made as described above, but with half the 

amount of brewer’s yeast, or without methyl p-hydroxybenzoate. 

 

2.1.3 Modified vials for D. melanogaster exposure 

 

Modified vials for exposing D. melanogaster to QMP were made from 50 ml centrifuge 

tubes. Tubes were heated over a Bunsen Burner, and the collection end was removed 

with a razor blade. Two layers of Whatman 1 filter paper was shaped to fit the inside 

of the lid, and the lid with paper was screwed into place. A cotton ball was used to plug 

to cut end of the tube.  

 

2.1.4 Liquid D. melanogaster diets  

 

Standard liquid food for use in modified vials, was made in volumes of 5 ml on the day 

of use. This was used in every trial that had a liquid diet, unless otherwise stated. The 

diet was vortexed prior to use as yeast settles out of solution.  Variations on this diet 
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altered only in yeast content, as some had half or one quarter of the amount of yeast 

stated or no yeast as detailed in the text.  

 

Table 2.3 Components in liquid D. melanogaster diets 

 

Component Amount 
Distilled water 4.75 ml 
Brewer’s yeast 0.1 g 
Absolute ethanol 0.25 ml 
Table sugar 0.15 g  

 

 

2.1.5 D. melanogaster starvation diet 

In cases where D. melanogaster were starved on a liquid diet, they were put in modified 

vials as previously described in 2.1.3, with a liquid diet of 5 % ethanol in dH2O with 

no sugar or yeast added.  To this was added 20 µl of 26 Qeq QMP (see 2.2.1) or 20 µl 

of 100 % ethanol (Analytical Grade, 99.5 %, Lab Supply) solvent control. These were 

incubated for 48 hours.  

 

2.1.6 D. melanogaster virgin female collection 

 

D. melanogaster virgin females were collected by incubating bottles at room 

temperature overnight, before CO2 anesthetising in the morning.  D. melanogaster were 

observed using a Leica L2 dissection microscope, with phenotypically virgin females 

being isolated based upon the characteristics of enlarged abdomens, pale colouration 

and presence of the meconium (Fig. 2.1). Collection was carried out every hour, to 

ensure that the newly emerged females did not have time to mate (Fernández-moreno 

et al., 2007) Virgins were counted and stored on a standard solid diet at room 

temperature for 24 hours. All remaining D. melanogaster were stored in separate bottles 

containing standard solid food at 25 °C, in order to continue the population. Subsequent 

collections within a single day occurred at approximately hourly intervals, with bottles 

being stored at 25 °C between collection points. Only phenotypically virgin females 

were collected and used.  
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 Figure 2.1 An image showing a mature female D. melanogaster (right), and a newly 
emerged, virgin female (left). Note the large abdomen, light colouring and presence of 
meconium (denoted by the arrow). Picture provided by Dr Elizabeth Duncan, 
University of Leeds.  
 

2.2 Methods relating to Chapter 3: Characterisation of D. melanogaster response 

to QMP 

 

2.2.1 QMP solutions 

 

The Queen mandibular pheromone (QMP) used in this work was not isolated from 

queen honeybees. It is synthetic and not of biological origin, produced by Pheromone 

Supply, later Intko Supply Ltd, Canada. It contains five major semiochemicals; (E)-9-

oxodec-2-enoic acid (ODA), (E)-9-hydroxydec-2-enoic acid (9-HDA) (two 

enantiomers), methyl p-hydroxybenzoate (HOB) and 4-hydroxy-3-

methoxyphenylethanol (HVA). QMP is measured in queen equivalents (Qeq), where 

one Qeq is defined as the amount of QMP a mated queen will produce in a 24-hour 

period (Pankiw et al., 1996). These amounts can vary between European and 

Africanised queens, for this study the European Qeq values were used (Table 2.4).  

 

 

 

Table 2.4 Components of QMP 
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Compund Abbreviation 
Amount in µg per 

1 Qeq 
(E)-9-oxodec-2-enoic acid ODA 200 
(E)-9-hydroxydec-2-enoic acid (9-HDA) 
(two enantiomers) 9-HDA 80 
methyl p-hydroxybenzoate  HOB 20 
4-hydroxy-3-methoxyphenylethanol HVA 2 

 

 

QMP was purchased in batches of 500 mg, amounting to 1184 queen equivalents (Qeq). 

It was diluted in 911 µl of absolute ethanol (100% ethanol), to give a solution containing 

26 Qeq/20 µl. To get the QMP into solution, it was warmed to room temperature and 

vortexed vigorously, before it was stored at -20°C until use. For lower QMP 

concentrations, the 26 Qeq stock was diluted to 13 Qeq, 6.5 Qeq and 3.25 Qeq in 

absolute ethanol. Equal volumes of the absolute ethanol solvent were used as a control. 

 

2.2.2 D. melanogaster QMP exposure  

 

To each modified vial, 500 µl of liquid diet (see 2.1.4) was added to the filter paper 

after the lid with filter paper was removed. 20 µl of treatment or control solution was 

pipetted on top of the liquid diet. The lid was screwed back on, and the cotton plug was 

removed.  10 CO2 anaesthetised 24-hour old virgin females (this was always the age 

and mating status, unless otherwise stated) were added, and the vial plugged again. The 

vial was kept horizontal until the D. melanogaster awakened, to prevent them sticking 

to the food. Vials were incubated at 25 °C unless otherwise stated (other temperatures 

used were 18 °C or 29 °C), with high humidity to prevent liquid diet drying out. 

Desiccation of the liquid food must be prevented to ensure there is no starvation.  

 

2.2.3 QMP concentration series  

 

Virgin female D. melanogaster were collected and aged as described above (2.1.6). 

They were exposed to an ethanol control, 3.25 Qeq, 6.5 Qeq, 13 Qeq or 26 Qeq QMP 

for a 48-hour period. After this, their ovaries were dissected out and fixed (see 2.2.4,5). 

Seven replicates of 10 individuals were used per trial. 

2.2.4 D. melanogaster ovary collection for fixation and imaging 
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Ovary dissections were performed using a Leica L2 dissection microscope, on D. 

melanogaster that had been anaesthetised with CO2. Ovaries were dissected with 

dissecting tweezers into a petri dish containing ice-cold PBS. This was done by 

removing the posterior region of the abdominal cuticle. Ovaries were sometimes 

attached to this and could be removed from the remaining cuticle. If they were still in 

the abdomen, gentle pressure was applied to the anterior end of the abdomen, moving 

down slowly, which caused the ovaries to be gently pushed from the abdominal case. 

Any ovaries that were damaged, or lost oocytes in the dissection process, were 

discarded. Ovaries were stored in 400 µl PBS on ice until all dissections were complete 

(less than 30 min).  

 

2.2.5 D. melanogaster ovary fixation 

 

PBS was removed from the microcentrifuge tube containing dissected ovaries, leaving 

~ 50 µl. To the tube 900 µl PBS and 4% formaldehyde (37 % wt. in H2O, Sigma Aldrich) 

were added. Ovaries were rocked at room temperature for 10 minutes. The fixative was 

removed, and ovaries were washed with PTx (PBS with 0.1% TritonX 100 (Sigma 

Aldrich)) 4x. The ovaries were incubated in fresh PTx for 60 min at room temperature. 

The PTx was removed and replaced with 1 ml of PTx and 1 µl of 4′,6-diamidino-2-

phenylindole (DAPI (Invitrogen)). This was mixed by inversion, and the ovaries were 

then incubated for 10 min in the dark, before being washed 2 more times in PTx. Fixed 

ovaries were stored in 70 % glycerol (UltraPure, Invitrogen) at 4 °C in the dark until 

being mounted on slides (a minimum of 12 hours).  

 

2.2.6 D. melanogaster ovary mounting and mature oocyte counts 

 

Ovaries that had been stored in the dark at 4 °C in 70 % glycerol were bridge mounted 

for microscopy. Bridge mounting involves placing two cover slips on either side of the 

area to be observed and placing a third cover slip over the top of the sample, such that 

it rests on the edges of the first two and is therefore lifted off the slide slightly. The 

ovaries were gently pressed under the cover slip to ensure a more even spread of oocytes, 

and to allow for a more accurate count. The number of mature vitellogenic stage 14 
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oocytes (King, 1970) was determined by manual counting for all specimens under a 

Leica L2 dissection microscope.  

 

2.2.7 Statistical analysis of mature oocytes counts in D. melanogaster ovaries 

 

The number of mature oocytes per ovary in D. melanogaster was analysed using R 

Studio version 3. 5. 2 (Eggshell Igloo). A Kruskall Wallis test, with a Dunn’s post hoc 

was carried out to determine significance as a pairwise comparison of all samples. The 

Benjamini-Holchberg procedure was carried out to adjust p values and correct for 

multiple testing. Significance was determined by a p value of less than 0.05.  

 

2.2.8 7-tricosene control pheromone solutions  

 

The control pheromone used was 7-tricosene (Cayman Chemical Company, Ann Arbor, 

MI, USA). This had been previously used for this purpose in studies of D. melanogaster 

response to QMP (Camiletti et al., 2013). It was diluted in hexane and used at two 

concentrations; one low (1 µg in 20 µl) and one high (80 µg in 20 µl). Hexane was also 

used as a solvent control for trials using 7-tricosene.  

 

2.2.9 Time course of QMP repression in D. melanogaster 

 

Virgin female D. melanogaster were collected and aged for 24 h (see 2.1.6). D. 

melanogaster  were then introduced to vials with either an ethanol control, or 26 Qeq 

QMP. The dose of 26 Qeq of QMP was chosen as it induced the most significant 

reduction in mature oocytes, and the clearest phenotype in D. melanogaster (Camiletti 

et al., 2013; Lovegrove et al., 2019). They were exposed for 12, 24, 36 or 48 hours, 

before dissection and fixation of their ovaries (see 2.2.4,5). Seven replicates of 10 

individuals were used per trial. 

 

2.2.10 Plastic ovary activation after QMP removal 

 

Virgin female D. melanogaster were collected and aged (2.1.6). These were exposed to 

either an ethanol control or 26 Qeq QMP for 48 hours. After this time, they were 

transferred to a new vial. The controls were transferred to new control vials, the QMP 



 48 

exposed were transferred to new QMP vials and the plastic ovary activation group were 

transferred from QMP vials, to control ones- removing them from the QMP stimulus. 

The time spent in these new vials was 24, 48 and 72 hours (72, 96 and 120 hours of 

total exposure respectively). Seven replicates of 10 individuals were used per time point. 

 

2.2.11 Mating female D. melanogaster 

 

For experiments where females were mated and then exposed to a treatment, virgin 

females were collected as per above. They were then incubated at room temperature for 

24 hours with a 1:1 ratio of males to females to allow time for mating, whilst also being 

within the 24-hour ageing time period used consistently in these studies (2.1.6). This is 

within the recommended population density for matings of virgin D. melanogaster 

(Fernández-moreno et al., 2007). Seven replicates of 10 individuals were used per trial.  

 

2.2.12 D. melanogaster rearing in the presence and absence of Nipagen/HOB 

 

D. melanogaster were reared on either standard cornmeal diets (2.1.2), or diets which 

had no Nipagen/HOB added. These individuals were then exposed to either an ethanol 

control, or 26 Qeq QMP for 48-hours. After which time their ovaries were dissected 

and fixed (2.2.4,5). Seven replicates of 10 individuals were used per trial. 

 

2.2.13 D. melanogaster antenna and maxillary palp ablation 

 

In trials where the antenna and/or the maxillary palps were removed from virgin female 

D. melanogaster, these were aged for 24 hours before being anaesthetised with CO2. 

The antennae were removed using dissecting tweezers, under a Leica L2 dissection 

microscope, by pinching them off at the most proximal point, close to the head. This 

was also how maxillary palps were removed. The removal of both of these organs 

removes all of the olfactory receptors in a D. melanogaster. Any individuals who were 

otherwise damaged, or lost haemolymph during the process were discarded. Animals 

suitable for the experiment were then placed in vials with either control or 26 Qeq QMP 

solutions and incubated for 48 hours before ovary dissection. Seven replicates of 10 

individuals were used per trial. 

2.2.14 Caged honeybee experiments 
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A. mellifera mellifera workers were kept according to standard practices in British 

National hives at the University of Leeds apiary. Worker bees were sourced from 

queen-right hives, where a frame of capped brood was removed from the hive and 

incubated overnight at 35 °C. Throughout the day cages were set up by collecting newly 

emerged workers. They were put in metal, glass fronted cages (Small life supplies)(Fig. 

2.2). These had spaces for a water tube, as well as two food caps. There were tested in 

groups of 100 bees per cage. Water was provided ad libitum, and food was provided in 

the form of complete bee food (CBF, table 2.5) in one or two caps (trial dependent). 

CBF was made by grinding the dry components (Pollen (Health 2000, NZ), 

Lactalbumin enzymatic hydrolysate (Sigma Aldrich), table sugar, Brewer’s yeast) into 

a fine powder, and stored at -20 °C. It was made up as needed by adding as much honey 

(Airborne,  NZ) as was required to create a sticky but crumbly, with 2 g of CBF being 

used per cage.  This was delivered in the form of caps, which hold the paste and slot 

into the cages.  

 

Table 2.5 Components of complete bee food 

 

Complete Bee Food (CBF) 

Pollen 20 g 

Table sugar 52 g 

Brewer’s Yeast 18.8 g 

Lactalbumin 9.2 g 

Honey As required 
 

 

Every day the carcasses of dead workers were removed, fresh food caps added, and 

either QMP (20 µl of 1 Qeq QMP in absolute ethanol) or ethanol is replaced. This was 

delivered on a glass microscope slide. The amount of food that was provided was 

monitored by weighing food in and out each day. When combined with the number of 

dead this allowed for the calculation of food intake per individual across the trial.  
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Figure 2.2 An image of the metal, glass fronted cage which honeybees were maintained 
in. Holes provide space for food caps and a water tube. Image from manufacturer- 
Small-Life Supplies, Peterborough, England, used by permission. 
 

2.2.15 Honeybee antenna removal 

 

Newly emerged workers were collected, and their antennae snipped off as close to the 

head as possible with dissecting tweezers. These workers were then marked on the 

dorsal side of their thorax with paint, to allow identification at a later date. Fifty 

individuals per cage (50 %) had their antennae removed, and these were kept with 50 

intact age-matched nestmates. Any individuals which stung the handler, or had 

improper antennae removal were discarded. Workers were stored with two food caps 

under the conditions described in 2.2.14 for 10 days.  

 

2.2.16 Honeybee no-touch QMP assays 

 

Bee cages were set up as per previously described (2.2.14), however only one food cap 

was provided per day. In the second slot where a food cap normally is there was instead 

a modified 15 ml centrifuge tube. This contained a double layer of Whatman 1 filter 

paper in the bottom, then a fine layer of mesh, allowing bees to enter the tube, but not 

to contact the paper. On this paper was 1 Qeq QMP in an ethanol solution, or an ethanol 

control. As a control for this new way of delivering QMP, full access was given by 

providing QMP in modified 15 ml centrifuge tubes without the mesh as a physical 

barrier to the pheromone. Workers were caged for 10 days prior to ovary dissection. 

Trials were carried out in triplicate. 
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2.2.17 Worker honeybee ovary dissection and fixation- antennae removed and no 

touch QMP assay 

 

Workers were cooled by incubating the cage at -20 °C to anesthetise them. For the 

antennae removed trials, once they had slowed their movement the marked antennae 

removed individuals were placed in a separate container. Workers with and without 

their antennae were kept separate whilst dissecting. For the no-touch QMP assays, 

cages were kept separate. Approximately 10 individuals were selected, and their 

abdomens separated from the thorax. The remainder were stored at 4 °C to keep them 

slow but prevent death from cold exposure. The abdomens were placed in a petri dish 

containing PBS under a Leica L2 dissection microscope. Ovaries were dissected out by 

removing the first two tergites and the gut using dissecting tweezers. The ovaries could 

then be located and removed to a microscope slide containing a drop to PBS to be 

imaged using a Leica DMC 2900 microscope, with Leica Application Suite Version 

4.5.0 software (for the antennae removed) or Leica M165FC microscope, with Q 

Capture pro 7 software (for the no-touch QMP assays). The differences in imaging 

software and microscopes were based on two different laboratories being used to carry 

out these experiments (University of Otago and University of Leeds).  

 

2.2.18 Honeybee ovary activation scoring 

 

Honeybee ovaries are classified into three levels of activity based on their morphology 

(a modified Hess scale) (Fig. 2.3). Ovaries that are indistinguishable from a queen-right 

worker are scored as 0. When these become slightly thickened and show signs of 

differentiation, but without yolk deposition, they are scored as a 1. Once oocytes 

become clearly defined and yolk is deposited, they are scored as a 2. The presence of a 

fully mature ova classifies ovaries as a 3. Scoring is performed blind by two 

independent experienced people, with differing scores being re-examined and agreed 

upon by scorers.  
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Figure 2.3 An image showing the overall morphology of a queen and queen-right 
worker honeybee (top left), as well as their ovaries (bottom left)- note the difference in 
scale (scale bar indicates 1 mm). The right panel shows worker bee ovaries without a 
queen, as they activate their ovaries along a scale from 0 - 3 (inactive to active). Shown 
are whole ovaries at each stage, as well as single ovarioles. Figure is from the 
supplemental material in Duncan, et al. 2016, used by permission.  
 

2.2.19 Statistical analysis of worker ovary activation- no touch QMP assay 

 

In order to determine differences in levels of ovary activation when workers were 

allowed full access, impeded access to QMP, or not QMP was present, a Fisher’s exact 

test was used. Statistical analysis was undertaken using R studio (version 3.5.2). 

Significance was determined by a p value of less than 0.05. 

 

2.3 Methods relating to Chapter 4: Mutagenesis and selection to generate escape 

from QMP repression 

 

2.3.1 Mutagen concentration calculations 

 

The mutagen used in this study is hexamethylphosphoramide (HMPA (99 %, Sigma 

Aldrich)), which induces a variety of mutations, but most often deletions, observed to 

range from 2 - 315 base pairs (Aguirrezabalaga et al., 1995). For this study, we aimed 

to mutate every gene in the D. melanogaster genome in males, which were then crossed 

with wild type females. The amount of HPMA used was based on a mutation rate of 

2.25 x 10-4 mutations per base pair at 25 mM (Nairz et al., 2004). The D. melanogaster 
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genome has ~14,000 genes across 175,000,000 bp, 18.3% of this is exonic. With a 

mutational rate of 2.25x10-4 at 25 mM, and 175,000,000 bp, this would produce 39,375 

mutations per genome. As 18.3% of the genome is exonic, this makes 7,205.6 coding 

mutations. This study aimed for 10 coding mutations per genome, in 1,400 males, in 

theory giving coverage of the whole genome. To allow for any death or handling errors 

that may occur, the number of males was increased by 10% to give 1,540. The mutation 

rate we wanted was 10 coding mutations per genome, which is 3.12x10-7 mutations per 

base pair (or 54. 6 mutations per genome). We therefore needed a dose 720 times more 

dilute than Nair used, which is 0.035 mM HMPA.  

 

2.3.2 Mutagenesis of males 

 

In preparation for this experiment, 100 bottles of half yeast solid D. melanogaster food 

were produced (note- all of the solid D. melanogaster food in this experiment contained 

half the amount of yeast specified in the solid food protocol). This half yeast diet was 

used as a new batch of brewers’ yeast appeared to have a higher protein content, and as 

such drastically increased the reproductive output of the females. This change in 

amount was  to keep the reproductive output similar across this entire body of work.  

Oregon R modENCODE D. melanogaster were tipped onto this, and allowed to 

reproduce at 25 °C. After 10 days the adults were removed and discarded. Once the 

offspring started to emerge, 3,080 virgin females were collected in a space of 72 hours, 

as well as 1,540 males and 3,080 mated females (two females per male- these were 

stored with males to ensure mating occurred).  

 

After 72 hours from the emergence of the first virgins, the males were starved in groups 

of 140 individuals. This was in bottles with foam lids on two layers of distilled water-

soaked filter paper, and incubated at 25 °C for 8 hours. During this time period the 

mutagen solution was made. This was done by taking it through a dilution series, as the 

final amount required for use was 0.077 µl. It was carried out by adding 681 µl 

hexamethylphosphoramide (HMPA) to 99.3 ml distilled water and mixing. 10 ml of 

this was taken and added to 90 ml distilled water (1:10 dilution), followed by a further 

1:100 dilution into 99 ml of distilled water with 5.005 g of sucrose. From this, 11.33 

ml was used as the final volume, and the other components were diluted in this. These 
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were bromophenol blue (for colour visualisation of the solution) and NaH2PO4.2H2O 

(99 %, Scharlau), as specified in Aguirrezabalaga et al., 1995.  

 

Table 2.6 Components of HMPA mutagenesis solution 

Compound 
Amount in final 

dilution 
Distilled water 11.33 ml 
Table sugar 0.567 g 
Hexamethylphosphoramide (HMPA) 0.077 µl 
Bromophenol blue 15.2 µl 
NaH2PO4.2H2O (0.1 M) 0.176 g 

 

 

After the 8-hour starvation period, a 24 G needle (Terumo) and syringe was used to 

inject 1.03 ml of mutagen solution through the foam stopper, onto the filter paper at the 

bottom of each bottle. The needle being put through the foam prevented the need to 

anaesthetise the males again. The bottles were then incubated at 25 °C overnight (16 

hours).  

 

2.3.3 Establishing populations 

 

After mutagenesis, the males were removed, and placed in 50 ml bottles with solid food 

in batches of 28 males. To this was added 56 age matched virgin females, and these 

were allowed to mate and lay eggs for 24 hours at 25 °C. After 24 hours all adults were 

removed, and the bottles were incubated at 25 °C. A control line of females which had 

mated with non-mutagenized males was also established in 50 ml bottles, with 56 

females/bottle. After 11 days the number of pupae in bottles 1-9 were counted. The 

number of males and females that emerged from these bottles was counted every 24 

hours from first emergence for 4 days, in order to work out the ratio pupae/emerged 

adults within this time frame.  

 

From the first emergence of adults (typically 10-15 days), all individuals that emerged 

were collected and counted for a 24-hour period. They were stored together to allow 

for mating to occur. In the first generation of mutant offspring (the offspring of 

mutagenized males crossed with virgin wild type females) the females were divided 

into two groups, one to be exposed to QMP, the other to act as a mutagenized control. 
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The males were kept for later use. The females were separated out from the males at 

the end of the 24-hour period and transferred, in groups ranging from 45-110 

individuals, to laying cages. These contained a small petri dish, with a double layer of 

Whatman 1 filter paper soaked with 1.25 ml of half yeast liquid diet (see above), and 

either QMP solution, or absolute ethanol control. The amount of these solutions differed 

in proportion to the number of individuals exposed. 20 µl of QMP solution contains 26 

Qeq, as is the appropriate dose for 10 individuals. This was scaled up accordingly, with 

a minimum of 45 individuals used in a cage, to prevent excessive dilution of solution- 

and a reduction in efficacy. The control ethanol solution was used in the same 

volume/individual ratio.  

 

Once in these cages, exposure time was for 48 hours (as this had was a time frame in 

which significant QMP repression could be induced (Camiletti et al., 2013)) at 25 °C, 

with high humidity to prevent the solutions from drying out. QMP treatment and control 

treatment were carried out in separate incubators, as QMP is volatile and would 

possibly contaminate the control cages. The same process described above was carried 

out on the non-mutagenized control line, except without splitting the line in half. These 

individuals were only exposed to the control solution. After exposure, females were 

then put back on solid food, in groups of 56 females/bottle, with any remainders in their 

own bottle. The males from the same collection had been stored during the female 

exposure time, and these were divided among the bottles of females. They were allowed 

to mate and lay eggs for a 24-hour period, before the adults were removed and discarded. 

The bottles were stored at 25 °C for the emergence of the next generation.  

 

The first generation of individuals to emerge within a 24-hour period for each of the 

three groups became the first populations (P1) i.e. the first group of QMP exposed 

became QMP P1, the first of HMPA was HMPA P1 etc.. This process was described 

above in 2.3.3. A second group of individuals, P2, was collected from those that 

emerged between 24-48 hours. This was from both the mutagenized lines and non-

mutagenized control line. The number of individuals was the number required to take 

the total from the 1st and 2nd 24-hour collections up to 500 females, and 500 males- as 

500 females per generation was the upper limit that could be exposed to QMP for the 
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required number of generations without exhausting the pheromone supply. These were 

treated as per the protocol described above. 

 

2.3.4 Selection for resistance to QMP 

 

The first emergence of offspring from the generations which had been exposed to either 

QMP or a control treatment was counted as the F1. All the individuals that emerged 

within the first 24 hours were collected and exposed to liquid diet and treatment as 

described in 2.3.3. As the QMP exposed was the first group to emerge, and in greater 

numbers within this time span, the subsequent controls (mutagenized and non-

mutagenized), had either; all individuals collected within the first 24 hours (if this was 

equal to or exceeded the number of females collected from the QMP group); or they 

were collected for more than 24 hours, until the number matched that from QMP 

exposed (this was due to practical limitations- the cut off for collection was 72 hours, 

after which emergence was poor). This was carried on a population basis, with all P1 

lines being matched numerically to QMP P1, and P2 lines to QMP P2. Numbers of 

pupae, and adults that emerged, were also monitored for each generation as described 

above. This was continued until 11 generations of offspring had been generated. These 

were monitored for: developmental period (in days), the number of adult females used 

to establish each generation, the number of pupae they produced at a population level, 

and the number of adults which emerged within 96 hours from emergence of the first 

adult. 

 

2.3.5 Monitoring the ratio of the average number of offspring per female 

 

The number of females used to establish a generation, as well as the number of pupae 

which they produced, allowed for the calculation of a ratio for the number of offspring 

produced per female. This was as an average for each of the 6 populations, across the 

9-11 generations (some populations had less generations due to a greater generation 

time). This allowed for the monitoring of the ratios of offspring being produced. Any 

increase in the QMP selected populations above the averages for the mutagenized and 

non-mutagenized controls for the same generation could be seen as an indication of 

increased reproductive capacity, and as such escape from QMP repression.  
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2.3.6 Testing for escape from QMP repression 

 

This monitoring this across the generations was used to determine that at generation 

eight, in the QMP exposed (P1) there was a large increase in the number of offspring 

per female. This could have been indicative of an escape from repression by QMP. It 

should also be noted that in this generation there was an incubator malfunction which 

led to a loss of humidity, and caused the liquid diet to dry out and many individuals to 

starve. As such, the number of females which were used to set up F8 for QMP P1 was 

only four individuals.  

 

This generation was therefore used to establish a secondary line (for all six populations). 

The other generations carried out as per the methods described, with no disruption- 

allowing for this study to run to 9-11 generations. These secondary lines were for 

functional testing of escape from QMP repression. 

 

The secondary lines were established by taking the females which emerged in the 

normal course of maintaining this experiment. After establishing the next generation, 

instead of discarding them as usual, they were instead provided with more bottles on 

which to lay, and create two sets of offspring from the same generation (F8). When 

their offspring emerged, the virgin female offspring were collected within 1-2 hours of 

eclosion. These were exposed for 48 hours to QMP at 26 Qeq with liquid diet containing 

half the standard amount of yeast. After which time their ovaries were dissected out, 

fixed, and mature oocytes counted (as described in 2.2.4-6). In order to test for dietary 

protein effects on the response to QMP, D. melanogaster were also exposed on a liquid 

diet containing the full amount of yeast, as well as one quarter yeast. Ovaries were 

analysed using the Kruskall Wallis test with Dunn’s post hoc (see 2.2.7).  

 

2.3.7 Investigating reproductive capacity of the populations 

 

Further investigation into reproductive capacity post mutagenesis and selection was 

carried out by taking 30 females of each line and putting one female per vial with 5 ml 

of standard D. melanogaster food (2.1.2). To each vial, two age and line matched males 

were added, and they were allowed to mate for 24 hours. After this, the females were 

transferred to new vials, and allowed to lay for 24 hours. They were again transferred 
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to new vials and allowed to lay for a further six days before the adults were discarded. 

The vials were then incubated at 25°C, and the number of pupae produced and adults 

which emerged was counted so that for each individual female there was a record of 

the number of pupae produced, and how many then emerged as adults, for a one and 

six day laying period, which can then be used to extrapolate lifetime reproductive 

capacity (Nguyen and Moehring, 2015).  

 

2.3.8 Investigating effects of starvation on lifespan of lines 

 

As the incubator malfunction in generation F8 for QMP P1 led to the death of many 

individuals through starvation in a rapid amount of time (48 hours), we decided to 

investigate whether there a difference in the way the lines survived under starvation 

conditions. To test this, 10 groups of 10 individuals per line were kept on a strict 

starvation diet at 25 °C. This diet was distilled water and 1% agar. It was heated to 

dissolve the agar, and allowed to set in D. melanogaster vials, 5 ml per vial. Groups of 

D. melanogaster were kept on these vials, and the number of dead counted every 24 

hours. This was continued until all individuals were deceased. 

 

2.4 Methods relating to Chapter 5: Investigation of previously identified 

mechanisms 

 

2.4.1 D. melanogaster exposure to HVA 

 

Virgin female D. melanogaster were collected and aged as described in 2.1.6. They 

were then exposed to either an ethanol control, 26 Qeq QMP (as negative and positive 

controls for repression respectively) or 26 Qeq HVA (98 %, Sigma Aldrich) (as 

described in 2.2.2). HVA (4-hydroxy-3-methoxyphenylethanol) is one of the five 

components of QMP (Slessor et al., 1988). A single Qeq of QMP contains 2 µg of HVA 

(Pankiw et al., 1996). Therefore, to get a 26 Qeq dose, 52 µg of HVA (Sigma-Aldrich) 

per 20 µl of ethanol was used. HVA solution was stored at -20 °C until use. D. 

melanogaster were exposed for 48 hours, before their ovaries were dissected, fixed, 

mounted on a microscope slide and analysed (as described in 2.2.4-7). For each group 

seven replicates of ten individuals was used. 
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2.4.2 Dopamine and iodo-tyrosine dilutions for feeding D. melanogaster 

 

D. melanogaster were exposed to dopamine (DA (>99 %, Sigma Aldrich)) or the 

dopamine inhibitor iodo-tyrosine (IT (>99 %, Sigma Aldrich)) through their diet. In 

order to do so, a concentration series was made for both DA and IT. The gradient had 

three doses- 0.1 mg/ml, 1 mg/ml and 10 mg/ml. These solutions were made by starting 

with 50 ml of a 5% ethanol in distilled water solution (the basis for the liquid D. 

melanogaster diet). To this either 500 mg of DA or IT was added, giving a 10 mg/ml 

solution. A 1:10 dilution was performed twice into 5% ethanol in distilled water to give 

the 1 mg/ml dose, as well as the 0.1 mg/ml dose. The solutions were stored in 5 ml 

aliquots at -20 °C in the dark until use.  

 

2.4.3 Dopamine and iodo-tyrosine feeding to test for repression, and synergistic 

interaction with QMP 

 

On the day of use, aliquots of DA or IT were thawed in the dark, before 50 mg of yeast 

(half the amount described in the standard diet) and 150 mg of sugar were added. Of 

this solution, 500 µl was pipetted onto the double layer of filter paper in the vials. On 

top of this was added either 20 µl of an ethanol control, or 6.5 Qeq of QMP (also 20 

µl). An ethanol control was used on a diet without DA or IT as a control, as well as a 

26 Qeq QMP positive control (for strong repression), and 6.5 Qeq QMP positive control 

(for mild repression). This gave three controls and three doses of DA or IT with either 

a control or 6.5 Qeq QMP to test for synergistic interactions. Overall, 15 groups were 

used in this trial. Each group consisted of five groups of 10 individuals. They were 

exposed for 48 hours, and treated as described in 2.2.4-7.  

 

2.4.4 Hybridisation chain reaction (HCR) in D. melanogaster ovaries 

 

Hybridisation Chain Reaction (HCR) is a technique for visualising gene expression 

within a tissue. It functions through the binding of probes designed to bind a gene of 

interest. To these probes, fluorescent hairpins bind, and these self-anneal to form a 

fluorescent chain of hairpins, thereby amplifying the signal of gene expression from a 
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single mRNA molecule. This can be visualised using a confocal microscope. In this 

study, we used HCR version 3 (Choi et al., 2018).  

 

Of interest was Notch cell signalling- in particular the Notch responsive gene E(spl)m3 

identified in the RNA-seq experiment (see Chapter 6). The gene hu li tai shao (hts) was 

also used, as it is a marker of stage of oocyte development, and as such can be used to 

compare features and morphology of ovaries under different treatments. HCR was 

carried out on whole ovaries from virgin D. melanogaster. This was 12, 24, 48 and 120 

hours QMP or control treatment, as well as 120 hours plastic recovery.  

 

Ovaries were dissected into PBS on ice, before being fixed in 400 µl PBS, 100 µl 40 % 

formaldehyde and 500 µl heptane whilst rocking at room temperature for 10 min. The 

bottom layer of the fix was removed and replaced with 1 ml MeOH and shaken. The 

MeOH and fixative solution was removed, and the tissue washed with MeOH 2x before 

being stored at -20 °C until use. When needed, tissue was taken through a rehydration 

series of 75 %, 50% then 25 % MeOH in PTw (PBS with 0.1 % Tween20), incubating 

for 5 minutes each step. It was then washed in 1 ml of PTw 3x. To this, 1 µl of 

Proteinase K (20 mg/ml) was added, and this was incubated at room temperature for 10 

minutes. After digestion, tissue was washed with PTw 3x again, before being re-fixed 

with 4 % formaldehyde in PBS for 15 minutes. This final fix was washed off with PTw 

6x, and incubated at room temperature until 4 pm.  

 

Samples were pre-hybridised in 500 µl 30 % probe hybridisation buffer for 30 minutes 

at 37 °C. The probe was prepared by adding 1 µl of the probe to 500 µl fresh 30 % 

probe hybridisation buffer at 37 °C. The hybridisation buffer was removed from the 

tissue, and the probe solution was added. This was incubated at 37 °C overnight. The 

probe solution was removed, and the tissue washed with 500 µl 30 % probe wash buffer 

4x, incubating at 37 °C for 15 minutes each time. It was then washed with 5x SSCT 3x 

and incubated for 5 minutes in each wash. Tissue was left in 5xSSCT at room 

temperature until 4 pm. After this time, the samples were pre-amplified in 500 µl of 

amplification buffer for 30 minutes at room temperature. The hairpins were prepared 

by incubating 10 µl (kept in separate tubes) at 95 °C for 90 seconds, before allowing to 
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cool to room temperature over the course of 30 minutes. To these hairpins, 500 µl of 

amplification buffer was added. The pre-amplification solution was removed from the 

tissue, and this was replaced with the hairpins in amplification buffer. Hairpins are in 

pairs, with both needing to be combined to generate a fluorescent signal. Probes are 

designed to match one of four hairpins types, allowing for up to four hairpins to be used 

per sample. In this study, hts was used with fluorophore 488 (green), and E(spl)m3 with 

fluorophore 546 (red). This was incubated in the dark overnight, before the hairpins 

were washed off with 500 µl of 5x SSCT with 2x 5 minute washes, 2x 20 minutes 

washes, and 1x 5 minute wash. In the last 20-minute wash, 1 µl of DAPI was added. 

Samples were stored in the dark in 70 % glycerol. Imaging was carried out using an 

Olympus BX61 Fluoview FV100 confocal microscope with FV10-ASW 3.0 imaging 

software. 

 

2.5 Methods relating to Chapter 6: Using RNA-sequencing to identify mechanisms 

underpinning QMP responsiveness in D. melanogaster 

 

2.5.1 D. melanogaster ovary collection for RNA extraction 

 

Ovary dissections were performed under a Leica L2 dissection microscope, on D. 

melanogaster that had been anaesthetised with CO2. D. melanogaster were exposed to 

26 Qeq QMP or the ethanol control for 12, 24, 48 or 120 hours (see 2.2.2 for 

experimental setup and 2.2.10 for the plastic ovary activation experiment). The 120-

hour time point also had samples that had plastically activated their ovaries, after 48 

hours of QMP exposure, followed by control exposure for the following 72 hours. For 

each time point there were samples collected in duplicate. Each sample was a pool of 

two vials (2 x 10 individuals), therefore there were four vials used per group. Ovaries 

were dissected with dissecting tweezers into a petri dish containing filter sterilised (0.2 

µm filter) ice-cold PBS. Mature oocytes were removed individually with dissecting 

tweezers. Ovaries without mature oocytes (the anterior portion) were stored in sterile 

RNAse-free microcentrifuge tubes on dry ice, before storage at -80 °C.  
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2.5.2 RNA extraction from anterior portion of D. melanogaster  ovary 

 

The Qiagen RNeasy mini RNA extraction kit was used for RNA extraction. The tissue 

was removed from -80 °C storage, and 300 µl of Trizol (Ambion) was added. It was 

homogenised using a 25-gague needle for a minimum of 3 min- until there was no 

visible tissue left, and the homogenate solution was opaque. Trizol was added to take 

the total volume up to 1 ml, the solution was mixed, and incubated at room temperature 

for 5 min. After incubation, 200 µl of chloroform was added. It was vortexed for 15 

seconds, then incubated at room temperature again for 5 min. Samples were centrifuged 

at maximum speed (13,000 rpm)  for 10 min at 4 °C. The top 500 µl of the upper phase 

was transferred to a new microcentrifuge tube, and the rest discarded. To this 1x volume 

of 70% ethanol was added and mixed by pipetting. Samples were transferred to a 

RNeasy mini column and centrifuged for 15 seconds. The flow through was discarded, 

and 350 µl of buffer RW1 was added to column. This was centrifuged as above. To 10 

µl of DNAse stock solution added 70 µl of buffer RDD and mixed gently by pipetting. 

This was transferred to the column, and incubated at room temperature for 15 min.  

 

The column was washed by centrifuging with 350 µl of buffer RW1 2x. The column 

was transferred to a new collection tube, and centrifuged with 500 µl of buffer RPE for 

2 min. The column was then transferred to a new eppendorf, and 30 µl of RNAse free 

H20 was added. This was left to incubate at room temperature for 1 min before being 

centrifuged for 1 min. 4µl was aliquoted out from each sample for quality assessment, 

whilst the remaining 26 µl was immediately stored at -80 °C. Of the 4 µl removed, 1.5 

µl was quantified using a Nanodrop 2000, and the remainder was run on a 1% agarose 

(low EEO, AppliChem) gel with a 1 kb+ ladder (Invitrogen), and 1 µl of gel pilot 

loading dye (Qiagen) to check for clean bands, indicating a lack of degradation.  

 

2.5.3 Sequencing of RNA samples 

 

Sequencing for this project was carried out on paired end RNA-seq samples from D. 

melanogaster which had been exposed to QMP or a control for 12, 24, 48 or 120 hours. 

Also included was a sample which had been exposed to QMP for 48 hours, then 

transferred to a control for 72 hours (120 hours total). RNA integrity was not measured 
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by RIN prior to library prep, as this is not an accurate measure of integrity for insect 

RNA (Winnebeck et al., 2010). This was sequenced using the Illumina TruSeq platform 

by New Zealand Genomics Ltd (NZGL) (http://www.nzgenomics.co.nz/). Initially, two 

samples per treatment were sequenced- with a further two  being added for the 12 and 

120 hours samples in a later sequencing run.  

 

2.5.4 Pre-processing of samples and transcriptome mapping 

 

BBDuk v37.02 was used with default settings to quality trim reads and remove the 

Illumina sequencing adapters, as well as for Kmer filtering. Read counting was carried 

out using Salmon v0.8.2. The D. melanogaster genome was version r6.17, and had been 

indexed using Salmon (Patro et al., 2017). Alter this, genes were filtered based on 

counts, with than 10 counts being discarded. 

 

2.5.5 Pairwise differential expression analysis 

 

DESeq2 v1.16.1 was used to assess differential gene expression between samples. This 

was done with a wald analysis, with the design = ~ batch + treatment, which negates 

the confounding effects of different batches in this experiment, instead looking for 

differences due to treatment. The comparisons made were between control and QMP 

exposed for the pairs at each time point (12, 24, 48, 120 hours), as well as the plastic 

recovery sample (120 hours) with its control and QMP treated- giving six comparisons 

total. Differentially expressed genes for each comparison were determined by filtering 

with the arbitrary cut-offs of an alpha value of 0.1, and a log fold change (lfc) of greater 

than 1.5.  

 

2.5.6 Testing for interactions with treatment over time 

 

Further analysis was carried out in order to determine if there were genes which were 

not significantly differentially expressed at a set timepoint, but rather changed their 

expression over time due to an interaction with treatment with QMP. To do this a 

likelihood ratio test (lrt) was used (once again in R Studio). The genes chosen as 

showing a significant interaction were those where the adjusted p value was <0.001.  
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2.6 Methods relating to Chapter 7: QMP co-opts nutrition signalling pathways in 

D. melanogaster  

 

2.6.1 D. melanogaster lifespan trial 

 

Virgin female D. melanogaster were raised and collected as described in 2.1.6. After 

being aged for 24 hours, they were exposed in modified vials on liquid diet to either 26 

Qeq QMP, or an ethanol control. For each treatment there were 15 vials of 10 

individuals. These were incubated at 25 °C with high humidity to prevent solutions 

drying out. Surviving individuals were removed and placed in a fresh vial with the same 

treatment every 4 days. Individuals from the same vials were kept together. Numbers 

of dead individuals in each vial were counted every 24 hours. This process was 

continued until all 300 D. melanogaster were deceased.  

 

2.6.2 PA01 culture 

 

The strain of Pseudomonas aeruginosa PA01 (Lamont Laboratory, University of Otago, 

Dunedin, New Zealand) was used to infect D. melanogaster in this study. 5 ml of Luria 

Broth (LB) was inoculated and cultured overnight at 37 °C. LB is created by 

autoclaving 500 ml of distilled H2O with 5 g of Tryptone (Merck), 2.5 g  yeast extract 

(granulated, Merck) and 5 g NaCl (pure, Merck). The next morning, 1 ml of PA01 

culture was centrifuged at 11,000 xg for 2 minutes. The supernatant was removed, and 

the pellet was resuspended in 1 ml of 10 mM MgSO4 (99.5 %. Merck). From this 

resuspension, a 1:10 dilution in 10 mM MgSO4 was made. Spectrometry was carried 

out, and the culture was diluted until an OD of 0.03 at 600 nm was produced.  

 

2.6.3 PA01 inoculation of D. melanogaster 

 

To challenge the immune systems of D. melanogaster, I exposed them to PA01. D. 

melanogaster were collected, reared and exposed to 26 Qeq QMP or a control for 48 

hours, as described in 2.1.6 and 2.2.2. The night before the QMP exposure time was 

due to end, PA01 was cultured as described in 2.6.2. The control treated D. 

melanogaster were anesthetised with CO2, and put under a Leica L2 dissection 
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microscope. A 0.1 mm tungsten insect pin was secured inside the hollow within a 25 G 

hypodermic needle and syringe. The tungsten end was sterilised in 70 % ethanol, before 

being dipped in the control 10 mM MgSO4 solution. Whilst the D. melanogaster was 

being stabilised with a paintbrush, the needle was inserted ~0.5 mm into the dorsal 

aspect of the thorax, avoiding wing and leg attachment areas. The needle was sterilised 

between each individual. This was continued until all five groups of 10 control D. 

melanogaster had a sterile wound. This was then repeated for the QMP treated. Needles 

were changed between treatment groups (control or QMP treated). After wounding, 

they were placed back into their original vials with the same treatment, and same cohort 

as prior to wounding.  

 

The same process was repeated for the introduction of the pathogen, PA01. Tungsten 

needles were sterilised and then dipped in PA01 culture, before wounding the D. 

melanogaster in the same manner as described above. A new set of needles were used 

for the groups exposed to the pathogen. D. melanogaster were kept in vials, laid 

horizontally until all individuals had recovered and were mobile again. They were then 

incubated at 25 °C for 12 hours.  

 

2.6.4 Quantifying bacterial load in D. melanogaster 

 

After 12 hours of incubation, all D. melanogaster still living were each placed in an 

individual microcentrifuge tube with 1 ml of 10 mM MgSO4. They were immediately 

homogenised using a pestle, with a fresh pestle being used for every individual. A 

concentration series was made, with 1:10 dilutions from the original homogenate, until 

there were seven dilutions (down to 1 x 10-7). This gave eight samples per D. 

melanogaster, with the original sample, and seven dilutions. Once all dilutions were 

made, the titres were spotted onto LB agar plates. This was done by spotting on 10 µl 

aliquots per sample, from undiluted to the 10-7 dilution in a line. The dilutions from five 

individuals could fit on a single plate. Plates were allowed to air dry, to prevent spots 

running together, for ~ 5 minutes. After this, they were incubated overnight at 37 °C. 

 

To quantify the bacterial load per D. melanogaster, the dilution spot which showed the 

easiest number of colonies to count (ideally 1-30) and was distinct from the other spots 
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(i.e. there was no running together of spots) was counted, and the number recorded. The 

number of colony forming units (cfu) per spot was then calculated by reversing the 

dilution (e.g. if there were 3 colonies on a 10-6 dilution, then 3 was multiplied by 106). 

This cfu/spot was then multiplied by 100 to allow for the plating of 10 µl out of the 

original 1 ml homogenate. This gave a value for cfu/D. melanogaster. In this way, the 

bacterial load per individual fly was quantified. Gut bacteria from D. melanogaster are 

not expected to grow within this time period of incubation (Khalil et al., 2015). 

 

2.6.5 Two-colour food choice assay 

 

Four diets were generated for this trial- red coloured sugar solution, red coloured yeast 

solution, blue coloured sugar solution and blue coloured yeast solution. The table sugar 

and yeast were both at concentrations of 5% in dH2O.  To make these solutions, they 

were heated until dissolved (for the sugar), or boiling (for yeast). These were allowed 

to cool to room temperature before red or blue food dye was added to a final 

concentration of 5%. These were mixed, aliquoted, and stored at -20 °C until needed.  

 

After virgin D. melanogaster were collected and exposed to either a control or 26 Qeq 

QMP for 48 hours (see 2.2.2), they were transferred to a test plate (one vial of 10 

individuals per plate). These plates were petri dishes containing 3% agar, on top of 

which was 3 x 100 µl droplets of a red diet, and the same of a blue (if red was sugar, 

then yeast was blue- and vice versa). The drops were evenly spaced and alternated in 

colour around the edge of the plate. Flies underwent CO2 narcosis, then were added to 

the centre of the plate, the lid replaced, and allowed to recover. Once all flies were 

awake and freely moving around, the plates were transferred to the incubator for two 

hours and stored in the dark, so there would be no confounding effects of visual colour 

preference. After two hours, plates were frozen at -20 °C to prevent further feeding. 

This was carried out on five groups of 10 individuals per treatment (control or QMP) 

per colour combination (i.e. one red sugar and blue yeast combination, one red yeast 

and blue sugar combination).  

 

The switching of colours for sugar and yeast was to account for a preference for food 

colour in feeding behaviour (odour and taste- as the incubation was carried out in the 
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dark). This process was also carried out on individuals which had been starved for a 

24-hour period prior to the feeding assay. They were exposed to QMP or a control for 

48 hours, before being transferred to vials with only a 5% ethanol solution (no yeast or 

sugar) and starved for 24 hours. After this, the starved individuals carried out the food 

intake assay. Each trial was carried out on five groups of 10 individuals exposed to 

QMP, as well as the same number exposed to an ethanol control. This was for exposure 

to red coloured sugar solution with blue yeast solution. It was also repeated with the 

colours swapped.  

 

The last group was exposed to QMP or the control for only 12 hours, then allowed to 

undergo the food intake assay. This was with the same groupings and treatments as 

described above.  

 

2.6.6 Quantifying food intake in the two-colour food choice assay 

 

Two methods were used to assess the food intake in the two-colour food choice assay. 

The first was a visual scoring of the D. melanogaster guts. Frozen flies were thawed 

and examined under a Leica L2 Dissecting Microscope. The ventral surface of the 

abdomen was visually examined for evidence of feeding. This was recorded for each 

individual as either blue, red, purple, or no feeding (although it should be noted that 

due to the pattern of feeding observed, data was later categorised based on quantity, not 

colour). This gave an indication of whether they consumed food at all, and if so whether 

it was sugar or yeast based- or a mixture of both. The second measurement was to 

quantify this based on a scale from 0 – 3 (Fig. 2.4). This gave an estimate of how much 

food was consumed. 0 was no visible colour, therefore no food intake. 1 was 0 – 25 % 

of the ventral surface of the abdomen showing colour, or very light colour. 2 was 25 – 

50 % coloured. 3 was 50 – 100 % coloured (Jiang et al., 2018). Put simply, this is no, 

little, moderate and large amounts of food being consumed.  
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Figure 2.4 Images of female D. melanogaster showing the scale used to quantify food 
intake. After consuming coloured food solutions, examination of the abdomens of these 
D. melanogaster can be used to place them along a scale of 0 – 3. 0 indicates no food 
intake. 1 is indicative of 0 – 25 % of the ventral surface of the abdomen showing colour, 
or very light colour in a slightly larger area. 2 is 25 – 50 % of the abdomen being darkly 
coloured. 3 is 50 – 100 % of the abdomen showing colour. This is indicative of no, little, 
moderate or large amounts of food being consumed (0 – 3 respectively). Figure is 
adapted from Jiang et al. 2018, used by permission.  
 

2.6.7 Statistical analysis of food intake in D. melanogaster 

 

In order to determine differences in food consumption after exposure to QMP or a 

control, a Fisher’s exact test was used. D. melanogaster that had fed ad libitum for 48 

hours prior were compared in two ways. The first was on the broad categorisation of 

having fed at all, or not fed. The second test was used when the data was further divided 

into the categories of 0 – 3. The same was carried out for D. melanogaster which had 

been starved after their 48-hour exposure, and also for those which had only been 

exposed for 12 hours. A further comparison was made between groups, where a 

statistical comparison between starved controls and fed QMP exposed was made also. 

Statistical analysis was undertaken using R studio (version 3.5.2). Significance was 

determined by a p value of less than 0.05. 

 

2.6.8 Stages of oocyte development in D. melanogaster 

 

D. melanogaster ovaries were examined after they had been fixed and mounted as 

described in 2.2.4-6. The treatment groups examined were from D. melanogaster 

exposed to a control or 26 Qeq QMP for 12, 24 or 48 hours, as well as a third group 

which was starved on a 5 % ethanol in distilled water diet for 48 hours (starved control). 

Each treatment and time combination contained seven groups of 10 individuals (except 

for the starvation group- which had five groups of 10). These ovaries had been stained 
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with DAPI to allow for the visualisation of the nuclei. It also allowed for examination 

of morphology, as well as staging. This was carried out using an Olympus BX61 

Fluoview FV100 confocal microscope with FV10-ASW 3.0 imaging software.  

 

The regions and stages of interest in this study were the germarium (where the germline 

stem cells are located), healthy stage 9 and stage 10 oocytes (a and b were counted 

together a single stage 10 category). See figure 2.3 for morphological characteristics of 

stages.  

 

 

 
 

 

 

Figure 2.5 An image showing the stages of interest within the D. melanogaster ovary. 
Shown are healthy germarium (stage 1), stage 2, 3, 9 and stage 10 oocytes. Figure from 
Jia et al. 2016, used by permission. 
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2.6.9 Counting oocyte stages of interest in D. melanogaster ovaries 

 

In order to investigate any changes during oocyte production in response to QMP, the 

number of ovarioles, healthy stage 9, degrading stage 9 and healthy stage 10 oocytes 

were counted manually under an Olympus BX61 Fluoview FV100 confocal 

microscope with FV10-ASW 3.0 imaging software. Staging was carried out based on 

the description in Fig 2.3-4, while examining ovaries that had been stained with DAPI. 

The samples used were those already produced for the time course trial (12 hours, 24 

hours and 48 hours- control and 26 Qeq QMP exposed, see 2.2.9). Also used were the 

48 hour starved controls. These samples already had mature oocyte counts for every 

ovary.  

 

2.6.10 Calculation for investigating early oogenesis checkpoint activation 

 

The number of germarium, stage 9 and 10 healthy oocytes as well as degrading oocytes 

(see 2.6.8-9) were used to investigate activation of the early (stage 3) checkpoint in 

oogenesis. This was done by creating a ratio that could be used to see the rate at which 

oocytes were leaving the germarium and reaching the second checkpoint in oogenesis 

(at stage 9). This was done by comparing the number of germarium within a treatment 

group to the number of oocytes which reached/successfully passed through the second 

checkpoint. Reaching the second checkpoint was oocytes at stage 9, or degrading at 

stage 9. Passing through meant reaching stage 10. Therefore, by having a ratio of: 

 
                                                     (9+9d+10) 
                                                            g 
 

Where 9 = total number of oocytes at stage 9, 9d = total number of oocytes degrading 

at stage 9, 10 = total number of oocytes at stage 10 and g= total number of germaria. 

This is based on the assumption that every germarium is producing oocytes which will 

be passing through the stage 3 checkpoint. If their progress is unimpeded by the early 

checkpoint activation and they pass directly to the stage 9 checkpoint, then the ratio 

will be ~1. If, however, there is activation of the stage 3 checkpoint, which slows the 

progress of oocytes leaving the germarium, then the number of oocytes which reach 

stage 9 will be reduced. This is reflected in a ratio which drops below 1. For example, 
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if the early checkpoint is reducing the number of oocytes which reach stage 9 and 

beyond by 50%, then the ratio will be 0.5.  

 

This calculation was carried out on the data from D. melanogaster ovaries which had 

been exposed to a control or 26 Qeq QMP for 12, 24 or 48 hours, as well as a 48-hour 

starved control. Treatments contained seven groups of 10 (except for the starved group- 

which contained 5 groups of 10 individuals).  

 

2.6.11 Statistical analysis of ratio for investigating early oogenesis checkpoint 

activation 

 

Statistical analysis was carried out in R Studio version 3.5.2. This was done by carrying 

out a generalised linear mixed model analysis (GLMM) to allow for the random effects 

of slides and repeats. This gave the pairwise comparisons across the whole dataset. A 

modified Tukey test was then carried out to compare the QMP and control groups at 

each time point.  

 

2.6.12 Phenotype of stage 9 checkpoint activation in the D. melanogaster ovary 

 

The last stage of interest in the D. melanogaster ovary was also stage 9, but oocytes 

which were undergoing degradation. This is due to the activation of the second 

checkpoint within oogenesis- typically associated with starvation (Pritchett et al., 2009). 

This is characterised by the loss of structural integrity, as well as fragmented nuclei 

(see figure 2.4). The samples used were those already produced for the time course trial 

(12 hours, 24 hours and 48 hours- control and 26 Qeq QMP exposed, see 2.2.9). Also 

used were the 48 hour starved controls. These samples already had mature oocyte 

counts for every ovary.  
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Figure 2.6 An image showing a D. melanogaster ovary which is undergoing 
degradation at stage 9 as a result of starvation. Key features include lack of structure 
and uniformity, as well as the bright spots of fragmented nuclei. Figure from Pritchett 
et al. 2009, used by permission.  
 

2.6.13 Calculation of differences in stage 9 checkpoint activation in response to 

QMP 

 

In order to investigate whether QMP was activating the stage 9 checkpoint in the D. 

melanogaster ovary to induce degradation, the following calculation was carried out. 

This involved taking the total sum of number of oocytes at stage 9, 10 and degrading at 

stage 9. From here, working out the percentage of oocytes that were at stage 9, 10 or 

stage 9 degrading. Healthy stage 9 shows the oocytes which are at this stage 9 

checkpoint. Stage 9 degrading indicates the percentage which have been activated and 

are underdoing apoptosis. Stage 10 is indicative of oocytes which have safely passed 

through the stage 9 checkpoint. Viewing of this data raw would be confounded by any 

activity of the early checkpoint reducing the number of oocytes reaching the second 

checkpoint. This allowed for the investigation of the stage 9 checkpoint in isolation.  

 

As far as interpreting this, any activation of the checkpoint would lead to an increase in 

the percentage of degradation which was occurring. This would likely correspond with 

a decrease in stage 10 oocytes- as less are making it through this checkpoint. 

Conversely little activity would result in less degradation, and a higher percentage stage 

10 oocytes.  

 

The groups this was carried out on were those already produced for the time course trial 

(12 hours, 24 hours and 48 hours- control and 26 Qeq QMP exposed, see 2.2.9). Also 
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used were the 48 hour starved controls. These samples already had mature oocyte 

counts for every ovary. The later timepoints (those used in the plasticity trial- D. 

melanogaster aged 4 – 6 days) were not included in this analysis. This is because the 

females used in this were virgins. As such, they will store their eggs without laying 

them. However, they will lay unfertilised eggs after 5 – 7 days (Wyman, 1979). 

Therefore to not confound this study these samples were excluded.  

 

2.6.14 Statistical analysis of stage 9 checkpoint activation in response to QMP 

 

Statistical analysis was carried out in R Studio version 3.5.2. This was done by carrying 

out a generalised linear mixed model analysis (GLMM) to allow for the random effects 

of slides and repeats. This gave the pairwise comparisons across the whole dataset. A 

modified Tukey test was then carried out to compare the QMP and control groups at 

each time point.  
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Chapter 3: Characterisation of D. melanogaster response 

to honeybee QMP 
 
3.1 Introduction 
 
Honeybee (Apis mellifera) QMP is a highly derived and specialised pheromone (Van 

Oystaeyen et al., 2014) cue produced by queen honeybees to prevent reproduction in their 

worker caste (Hoover et al., 2003). QMP causes significant reproductive repression, however 

it must be noted that brood pheromone also plays a role in suppression worker ovary activity  

(Pettis, J S. et al., 1997) An important feature of this repression is that it is plastic- in the 

absence of QMP workers are able to activate their ovaries and produce haploid male offspring 

(Jay, 1968). The molecular mechanisms through which QMP is detected, how QMP acts, and 

how it has evolved, has been an area of intense scrutiny (e.g. Beggs et al., 2007; Duncan et al., 

2016; Ronai et al., 2016). With the discovery that QMP is capable of acting across a broad 

range of arthropods (Camiletti et al., 2013; Carlisle and Butler, 1956; Sannasi, 1969; Sannasi 

and George, 1972), it raises the possibility of some conservation of mechanism through which 

QMP is acting.  Drosophila melanogaster provide a unique opportunity to study any conserved 

mechanisms through which QMP is acting. D. melanogaster is a far more genetically tractable 

model system than the honeybee- with a wide range of tools available for use. For instance, 

mutant libraries for rapid screening, UAS/Gal4 allowing for expression of genes of interest in 

specific tissue types, or when coupled with UAS-RNAi lines- the disruption of gene function 

(reviewed in Camiletti and Thompson, 2016). This obviously provides a wide range of 

opportunities for research. However, the tools available are only a part of the appeal of the use 

of D. melanogaster, the benefits of this system are also in the evolutionary insight it provides.  

 

This is due to the surprising finding that D. melanogaster are reproductively repressed by QMP 

(Camiletti et al., 2013; Sannasi, 1969), despite not living in the eusocial manner of honeybees 

and never being exposed to QMP in their natural ecosystems.  Most surprising  is the fact that 

D. melanogaster have not shared a common ancestor with honeybees for 340 million years 

(Misof et al., 2014), indicating a large evolutionary span across which QMP is capable of acting. 

QMP has only been evolving for the last 55 million years, at most (Peters et al., 2017), yet is 

capable of repressing reproduction in  species that diverged before QMP evolved, indicating 

that it is targeting mechanisms far more ancient than QMP itself. This suggests that QMP is 

able to mimic an environmental influence that regulates reproduction, a theory postulated by 
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Duncan et al., 2016. By studying the response in non-target species, such as D. melanogaster, 

we can investigate the mechanisms by which QMP is likely to have co-opted in order to control 

reproduction in the honeybee, and learn about the evolution of this system. In order to do this, 

however, a thorough characterisation of the phenotype of QMP response in D. melanogaster 

is needed as a starting point for further research.  Only by understanding the parameters of the 

system in which this work is to be undertaken, can an accurate investigation be undertaken.  

 

The earliest work into the response of D. melanogaster to honeybee QMP was carried out with 

9-ODA, the only component of QMP identified at the time- termed ‘queen extract’ (Sannasi, 

1969). The exposure method in this case was highly invasive- microinjection into the thorax 

of newly emerged females 7-10 hours post eclosion. It was found that in order to sustain the 

phenotype over a 96-hour period, multiple injections were needed, likely adding to the stress 

on their systems during this procedure. The actual amount of ‘queen substance’ given was 

relatively small- 0.3 Qeq (One Qeq being defined as the amount of QMP a mated queen will 

produce in a 24 hour period (Pankiw et al., 1996)) per individual by our modern quantification 

of QMP components. However, it must be noted that injection into the system is not the natural 

mode of exposure. Therefore, by directly introducing it into the individual, as opposed to 

allowing them to sense it through a more ‘holistic’ means, potentially makes the small dose in 

Qeq actually seem to be far higher in a biological context. Regardless of biological relevance, 

at the dose 0f 0.3 Qeq, 9-ODA was capable of reducing the length and width of D. 

melanogaster ovaries with repeated exposure.  

 

In the natural state, QMP is spread throughout a beehive by grooming of the queen and 

trophallaxis by worker bees (Naumann et al., 1991; Seeley, 1979). This is the process of 

individuals exchanging liquids by mouth (Free, 1957). Later studies into the effect of QMP on 

D. melanogaster appear to have been designed with this in mind, and as such did not use 

microinjection methods. Instead, QMP was added to the top of a liquid diet (Camiletti et al., 

2013). This allows for exposure to be through touch, olfaction or gustatory means- the exact 

mechanism still remains unknown (Camiletti et al., 2016). Subsequent work had shown that 

QMP reduces the number of eggs in the D. melanogaster ovary and that females were able to 

mate and produce offspring that did not suffer any effects on their pupation or eclosion rate 

(Camiletti et al., 2013).  
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Further work was carried out into the way in QMP is being sensed by females, by carrying out 

a no-touch assay. This involves allowing D. melanogaster either uninhibited access to QMP 

(direct physical contact), or adding a mesh barrier- preventing means of sensing other than 

through olfaction. This produced an intermediate phenotype where QMP repression was 

observed, but not to the extent observed when unimpeded access was given (Camiletti et al., 

2016). This suggests that olfaction is a way in which D. melanogaster respond to QMP, and 

also that there are multiple mechanisms- as olfaction does not produce the full repressive 

effects observed with greater access. Olfaction as a mechanism was further supported by Orco 

mutants (Orco being the co-receptor for all odorant receptors (OR) (Larsson et al., 2004)- 

abolishing this effectively abolishes all olfactory sensation) being unable to respond to QMP 

(Camiletti et al., 2016). However, it must be noted that without any QMP exposure, these 

individuals had impeded reproduction, indicating that disrupting olfaction itself has negative 

consequences for reproductive capacity. This could therefore hinder the accurate investigation 

of QMP efficacy in Orco mutants- as their reproduction may already be so impaired as to make 

further repression negligible, and hard to discern. Further RNAi was used to determine which 

particular olfactory receptors were likely to be responsible for the response to each of the five 

components of QMP (Camiletti et al., 2016). This provided some candidates which may play 

a role in this response in D. melanogaster, although olfactory receptors are known to vary 

wildly between species, and to evolve at a rapid rate within the insects, limiting what this may 

mean for our understanding in the honeybee. For example insects can range from having only 

from having only four OR (Ioannidis et al., 2017) to over 350 OR (McKenzie et al., 2016). 

Therefore, the targeting of receptors for a vital response such as the environmental influence 

that QMP is mimicking, or has co-opted the response to, is a potential evolutionary gamble- 

making it likely there are other mechanisms to ensure some redundancy in this system.  

 

As the study of the way in which D. melanogaster respond to honeybee QMP is a relatively 

new avenue of research, it provides significant opportunities to further understand the 

mechanisms through which QMP acts, as well as give insight into the evolutionary history of 

this pheromone. As such, this project first aimed to characterise the phenotype we were 

observing. This included the doses at which QMP was capable of acting to determine 

differences in sensitivity, the timing of this action and whether this might inform our 

understanding of biological processes occurring in this time period, whether plastic activation 

was possible in the absence of this repressive signal- which would parallel what is seen in 
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worker honeybees, and if more could be discovered of how QMP is being sensed through the 

testing the response to QMP in the absence of olfactory sensing.  

 
 
3.2 Results 
 
 
3.2.1 D. melanogaster response to QMP is dose-dependent 
 
 
In order to ascertain the doses at which QMP is capable of repressing reproduction in D. 

melanogaster, the concentrations of QMP described in (Camiletti et al., 2013) were used to test 

the response in our laboratory conditions (note, in Camiletti’s publication the doses are ~7x 

higher than stated in later work due to a calculation error (Camiletti, personal communication)- 

our study used the corrected values). Newly emerged virgin female D. melanogaster were 

exposed to QMP at doses of 3.25 Qeq, 6.5 Qeq, 13 Qeq or 26 Qeq per 10 individuals for a 48 

hour period before their ovaries were dissected out and the number of mature stage 14 oocytes 

were counted as a measure of fecundity (King, 1970).  

 

 
Figure 3.1 A box and whisker plot showing the number of mature oocytes produced per ovary 
when newly emerged virgin female D. melanogaster are exposed to QMP at varying doses for 
a 48-hour period. Statistical significance was determined through a Kruskal-Wallis test with a 
Dunn’s post-hoc test, significance is seen in where p< 0.05. Each treatment contains n= 103 - 
130 ovaries.  
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QMP induced a significant reduction in the number of mature oocytes at all of the doses tested 

(p<0.05). This was established at the lowest dose- by statistically significant repression 

(p=0.0004) being observed for 3.25 Qeq (Fig. 3.1). Overall, this effect increased with an 

increase in dose of QMP. After exposure to 26 Qeq (the highest dose) the average number of 

mature oocytes dropped from 18 in the control, down to 5, a decrease of ~72% (Fig. 3.1). This 

is indicative of a large impact on the fecundity and reproductive capacity of D. melanogaster 

exposed to honeybee QMP.  

 
3.2.2 Testing QMP-specific pheromone response 
 
 
In order to control for the observed effects of QMP being due to the large doses of pheromone 

being given- as opposed to a QMP specific effect- high doses of a D. melanogaster pheromone 

were also used. This was to control for pharmacological effects of pheromones as a general 

group. The control pheromone, 7-tricosene (used in previous studies (Camiletti et al., 2013)) 

was used at two doses- one low (1 µg in 20 µl of hexane solvent), the other arbitrarily high (80 

µg in 20 µl of hexane solvent). 7-tricosne is a D. melanogaster pheromone that is unrelated to 

QMP, and appears to have no effect on ovarian phenotype (Scott, 1986). To test the specificity 

of the effects of QMP (Fig. 3.1), 7-tricosene was utilised as a control in this study also, and 26 

Qeq QMP was used as a positive control for repression.  
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Figure 3.2 A box and whisker plot showing the number of mature oocytes produced per ovary 
when newly emerged virgin female D. melanogaster are exposed to 7-tricosene at low or high 
doses for a 48-hour period. Hexane was used as the 7-tricosene solvent control. 26 Qeq QMP 
is the positive control for repression. Statistical significance was determined through a Kruskal-
Wallis test with a Dunn’s post-hoc test, significance is seen in where p< 0.05. Each treatment 
contains n= 111 – 130 ovaries. 
 
There was no repression observed by exposure to 7-tricosene at low or high does (Fig.3.2). 

There was, however, a statistically significant increase in mature egg number observed with 

the low dose compared to the hexane control, however this significance was not maintained at 

the high dose (p=0.067). Overall, this is indicative of no repressive effects observed in the 

control pheromone. There was no significant difference observed between both solvent 

controls for the pheromone treatments (ethanol and hexane), indicating any effect is due to 

pheromone exposure (p=0.4). The positive control QMP still exhibited significant repressive 

effects (p= 9.53x10-18). This indicates that the repressive effects seen by QMP in fig 3.1 

observed are QMP specific.  

 
3.2.3 Time course of D. melanogaster response to QMP 
 
 
To investigate the time period it takes for QMP to have a phenotypic effect on ovarian 

phenotype, a time course was carried out. This involved exposing newly emerged female D. 

melanogaster to 26 Qeq QMP (to induce clear and significant repression- see Fig. 3.1) for a 
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period of 12, 24, 36 or 48 hours. Their ovaries were dissected and number of mature oocytes 

they produced were counted as a measure of fecundity at the end of these periods.  

 

 
Figure 3.3 A box and whisker plot showing the number of mature oocytes produced per ovary 
when newly emerged virgin female D. melanogaster are exposed to 26 Qeq QMP (pink) or an 
ethanol solvent control (grey) for 12, 24, 36 or 48 hours. Statistical significance was determined 
through a Kruskal-Wallis test with a Dunn’s post-hoc test, significance is seen in where p< 
0.05. Each treatment contains n= 111 - 136 ovaries. 
 
After 12 hours of exposure there was no observable difference in mature oocyte number 

between the control and QMP treated groups (p=0.92). After this, however, the number of 

mature oocytes produced by the control group increased steadily across the 48-hour time course 

(Fig. 3.3). The QMP exposed produced ~5 mature oocytes after 24 hours of QMP exposure, 

and this number did not increase by more than two oocytes for the remainder of the 48-hour 

period (Fig.3.3). Significant repression was observed at each time point from 24 hours onwards 

when the QMP treated and control were compared (p<0.05). This showed a relatively stable 

QMP repressive effect being established by 24 hours of QMP exposure, that was maintained 

for the duration of the 48-hour time course.  
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3.2.4 Plastic recovery of D. melanogaster from repressive effects of QMP 
 
 
A key feature of the worker honeybee response to QMP is not only the reproductive repression 

observed, but the plastic activation in the absence of this stimuli. In order to test whether D. 

melanogaster were also capable of exhibiting this plastic repression- paralleling the worker 

response to QMP- D. melanogaster were exposed to QMP for 48 hours before being removed 

from this stimulus for 24, 48 or 72 hours. After this time their ovaries were removed, and the 

number of mature oocytes counted as a measure of fecundity.  

 

 
 
Figure 3.4 A box and whisker plot showing the number of mature oocytes produced per ovary 
when newly emerged virgin female D. melanogaster are exposed to 26 Qeq QMP (pink) or an 
ethanol solvent control (grey) for 12, 24, 36 or 48 hours. The third group was exposed to 26 
Qeq QMP for 48 hours before being transferred to a control exposure for a further 24, 48 or 72 
hours (blue). Statistical significance was determined through a Kruskal-Wallis test with a 
Dunn’s post-hoc test, significance is seen in where p< 0.05. Each treatment contains n= 105 - 
136 ovaries. 
 

The previously observed trends from the time course (Fig. 3.3) continued for the controls and 

QMP treated (Fig. 3.4). The control groups continued to produce more mature oocytes across 

time as they increased their reproduction. The constantly QMP exposed group showed strong 

signatures of repression for the entirety of this timespan (Fig. 3.4). There was, however, a 
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decrease in the repressive effects observed after 48 hours of exposure. The average number of 

oocytes increased from a range of 5.0 – 6.7 in the first 48 hours to 8.1 - 8.7 in the 72 – 120-

hour range (p>0.05).  

 

The groups which were exposed to QMP and then removed (blue plots), showed no significant 

recovery of mature oocyte production within the first 24 hours of removal from QMP (p=0.41). 

However, after 48 and 72 hours of removal, significant recovery of mature oocyte production 

was observed (p=1.47x10-9 and p=7.13x10-19 respectively).  

 

Recovery was so well established that by 48 and 72 hours post removal, the number of mature 

oocytes did not significantly differ from the controls that had never been exposed to QMP. The 

48-hour control and 48-hour post QMP removed (96 hours total exposure) samples were not 

significantly different (p=0.14), as were the 72 hour control and 72 hours post removal (120 

hours total exposure) (p=0.63). This is indicative of significant plastic recovery being observed, 

paralleling what occurs in worker A. mellifera. 

 
3.2.5 Mating status does not affect repressive effects of QMP in D. melanogaster 
 
 

Honeybees are a haplo-diploid species, meaning females are produced from fertilised eggs, and 

a therefore diploid. Unfertilised eggs which are laid are haploid, and these grow to be males. 

Worker honeybees are capable of reproducing, but not of mating- as such all workers are 

virgins. This means that they are able to produce male offspring from unfertilised eggs, but not 

more female workers from fertilised eggs. Therefore, whether mating status affects the ability 

to respond to QMP is unknown, as only virgin females have been studied to date (Camiletti et 

al., 2013, 2016). To test this, D. melanogaster females were kept with males for 24 hours, with 

the assumption that mating would occur prior to being exposed to 26 Qeq QMP for 48 hours. 

After this time their ovaries were removed and the number of mature oocytes counted as a 

measure of fecundity.  
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Figure 3.5 A box and whisker plot showing the number of mature oocytes produced per ovary 
when newly emerged female D. melanogaster were kept as virgins (blue) or mated (green) and 
then exposed to 26 Qeq QMP or an ethanol solvent control for 48 hours. Statistical significance 
was determined through a Kruskal-Wallis test with a Dunn’s post-hoc test, significance is seen 
in where p< 0.05. Each treatment contains n= 108 – 120 ovaries. 
 

Both virgin and mated females exhibit significant repression in their reproduction in response 

to QMP (p= 3.69x10-35, p= 2.16x10-19 respectively). There was no difference observed in the 

response to QMP (p=0.65), regardless of mating status. The only significant differences seen 

in this study were the number of mature oocytes produced by the controls, varying with mating 

status. Mated controls produced significantly less mature oocytes than virgin controls 

(p=0.008). This is likely due to virgin females retaining eggs within this time period (Wyman, 

1979), and egg laying by mated females. However, without having monitored egg laying itself, 

this is speculative.  
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3.2.6 Rearing D. melanogaster on Nipagen/HOB increases the magnitude of QMP 
repression 
 
 
A standard antifungal agent used in D. melanogaster diets is commonly called Nipagen. The 

chemical name for this is methylp-hydroxybenzoate (HOB), which is one of the five 

components of QMP (Slessor et al., 1988). It is also used in the rearing of D. melanogaster 

for use in this study. One Qeq worth of HOB is 20 µg, making the average amount present in 

bottles for rearing a dose of 1,200 Qeq worth of HOB. However, this is for ~75 individuals, 

making the dose per 10 individuals (all doses in this study are per 10 individuals) 160 Qeq of 

HOB. To test whether this rearing on Nipagen/HOB has an effect on how these D. 

melanogaster are responding to QMP, D. melanogaster were raised on a diet containing the 

standard amount of Nipagen/HOB (1,200 Qeq/bottle), or no Nipagen/HOB. They were then 

exposed to 26 Qeq QMP for 48 hours, before their ovaries were removed and the number of 

mature oocytes counted as a measure of fecundity.  

 

 

 
Figure 3.6 A box and whisker plot showing the number of mature oocytes produced per ovary 
when newly emerged female D. melanogaster were exposed to 26 Qeq QMP or an ethanol 
solvent control for 48 hours. D. melanogaster were raised on food containing the antifungal 
Nipagen at doses of 800 Qeq HOB per bottle (pink), or on food without Nipagen/HOB (orange). 
Statistical significance was determined through a Kruskal-Wallis test with a Dunn’s post-hoc 
test, significance is seen in where p< 0.05. Each treatment contains n= 109 - 130 ovaries. 
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There was no effect seen in the number of mature oocytes produced by controls when females 

had been raised on diets with or without Nipagen/HOB (p=0.79) (Fig.3.6). QMP was also 

capable of inducing significant repression regardless of the rearing status of Nipagen/HOB 

(p=1.06x10-26). There was a difference observed, however, in the magnitude of the response to 

QMP. There was significantly more repression observed in response to QMP the group raised 

on Nipagen/HOB, than those raised without (p=6.09x10-9) (Fig.3.6). It appears that 

Nipagen/HOB has no effect in isolation, but may act synergistically with QMP to potentiate 

the repressive effects of this pheromone.  

 
 
3.2.7 D. melanogaster do not require antenna or maxillary palps to sense QMP 
 
 
Previous work indicates that olfaction (‘smell’) may play a role in the sensing of QMP in D. 

melanogaster (Camiletti et al., 2016). Olfaction in D. melanogaster is carried out through 

odorant receptors. All of the odorant receptors (ORs) in D. melanogaster  are located in two 

groups of sensory organs; in their antennae (sensory organs at the top of their head), as well as 

their maxillary palps (two small sensory organs located near their mouthparts) (Joseph and 

Carlson, 2015). In order to investigate the extent to which olfaction is important for the sensing 

of QMP, the antenna and maxillary palps were removed from D. melanogaster (singularly or 

in combination). These females were then exposed to a solvent control, or 26 Qeq QMP- to 

test whether a response could be observed in the absence of these tissues.  
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Figure 3.7 A box and whisker plot showing the number of mature oocytes produced per ovary 
when newly emerged female D. melanogaster were exposed to 26 Qeq QMP or an ethanol 
solvent control for 48 hours. D. melanogaster had all sensory organs intact (blue), antenna 
ablated (green), maxillary palps ablated (red) or both antenna and maxillary palps ablated 
(brown). Statistical significance was determined through a Kruskal-Wallis test with a Dunn’s 
post-hoc test, significance is seen in where p< 0.05. Each treatment contains n= 108 – 136 
ovaries. 
 

There was no effect on the number of mature oocytes the controls produced when only the 

antenna (AR) or maxillary palps (MPR) were removed (p=0.13, p=0.81 respectively). However, 

there was a significant reduction when both of these (ARMPR) were removed at once 

(p=0.003), indicative of a fitness cost of this invasive procedure, or the loss of all ORs. 

However, when antenna removed (AR) controls are compared to the combined removal group 

(ARMPR), there was no significant difference (p=0.13). Across all four groups; intact, antenna 

ablated, maxillary palps ablated and both ablated, there were still significant repressive effects 

of QMP observed (p=7.4x10-24, 2.5x10-15, 3.55x10-9 and 3.52x10-16 respectively). Suggesting 

that removal of any of these sensory organs is insufficient to abolish the sensing of QMP.  

 

There was a difference observed in the magnitude of the response to QMP in one of the groups. 

Removal of antennae, or both antennae and maxillary palps simultaneously did not reduce the 

repressive effects of QMP (p=0.37 and p=0.19 respectively). However, the MP group exposed 
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to QMP showed a significantly reduced repressive response (p=0.0002) in comparison to all 

other QMP exposed groups). This was also significantly less repression observed than when 

the MPR QMP exposed group was compared to the ARMPR group with QMP exposure 

(p=1.19x10-6).  

 
3.2.8 A. mellifera sense QMP through multiple mechanisms 
 
 

In light of the results from the antenna and maxillary palp removal trial (Fig.3.7) suggesting 

that antennae are not vital for the sensing of QMP in D. melanogaster, further tests were carried 

out into whether honeybee workers required their antennae to sense QMP. If olfaction was 

shown to not be key, it is possible that contact from other individuals (such as trophallaxis) 

may be important in the sensing and distribution of QMP- providing avenues for further 

research. Trials to remove antennae proved unsuccessful, resulting in death rates in excess of 

90% (data not shown). Therefore, a less invasive way of testing the olfactory basis of sensing 

was used. This was through a modified version of the no-touch assay used in D. melanogaster 

work (Camiletti et al., 2016). In this experiment, groups of 100 newly emerged age-matched 

worker nestmates were caged with a source of QMP they could freely interact with, or a control. 

A third group was also established, in which a mesh barrier prevented physical contact with 

QMP, ensuring that any sensing would presumably be through olfactory sensing of volatile 

compounds.  

 

After 10 days, worker had their ovaries dissected out and double-blind scored for activation. 

Activation scores are based on a modified Hess scale based on morphology (Duncan et al., 

2016) where scores range from 0-3 (see Chapter 2 Fig 1.4). Honeybee ovaries are classified 

into three levels of activity based on their morphology (a modified Hess scale). Ovaries that 

are indistinguishable from a queen-right worker are scored as 0. When these become slightly 

thickened and show signs of differentiation, but without yolk deposition, they are scored as a 

1. Once oocytes become clearly defined and yolk is deposited they are scored as a 2. The 

presence of a fully mature ovum classifies ovaries as a 3.  
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Fig. 3.8 A plot showing the activation score for worker honeybee ovaries. Scores range from 
inactive (0) to having at least one fully mature oocyte ready to be laid (3). Groups either had 
unimpeded access to QMP (touch), or a physical barrier preventing direct access (no touch). 
Groups were also either exposed to 1 Qeq QMP (+QMP) or a solvent control (-QMP).  Cages 
were established with n=100 worker honeybees. Significance was determined using Fisher’s 
exact test, with significance at p<0.05. The touch group had 3 replicated, the no touch groups 
had 2.  
 
There was no difference observed in the level of activation between the groups which had a 

mesh barrier preventing access to QMP (no touch), both exhibiting moderate levels of ovary 

activation (p=0.144). There was a difference seen between the group which could access QMP 

(touch) and those exposed to QMP without touch (p=0.0012), or the no touch controls 

(p=7.2x10-5).   

 
3.3 Discussion 
 
 
The use of D. melanogaster as a system in which to study the mechanisms through which QMP 

is sensed and acts is a recent one (Camiletti et al., 2016).  QMP is capable of repressing species 

that diverged from honeybees up to 560 million years prior (Carlisle and Butler, 1956; Misof 

et al., 2014), indicating that the mechanisms it has co-opted are more ancient than QMP itself. 

This provides a unique opportunity to study not only the mechanisms through which QMP 

induces reproductive repression, but also the evolutionary history of this response. However, 
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in order to do so, a thorough characterisation of the response of D. melanogaster to QMP is 

needed. This work aimed aid in the characterisation of this response. 

 

Previous work had reported the repression of D. melanogaster reproduction after the repeated 

microinjection of ‘queen substance’ (9-ODA, one of the five components of QMP) into the 

thorax (Sannasi, 1969). This was in the form of reduced ovarian length and width. More recent 

work exposed D. melanogaster to QMP in their diet, and instead focused on ovary area, as well 

as number of mature oocytes (Camiletti et al., 2013). For our study, only the number of mature 

stage 14 oocytes was used as a measure of fecundity (Camiletti et al., 2013; King, 1970), as 

ovarian area can be altered by the process of stage mounting, producing error in measurement.  

 

A concentration gradient of response had previously been shown, with doses of 6.5 Qeq and 

higher producing a significant reduction in the number of mature oocytes (Camiletti et al., 

2013). This current study also produced significant reduction in the number of mature oocytes 

(Fig.3.1), however this repression was established at 3.25 Qeq in this current study- a lower 

dose than previously reported. It is possible that this difference is due to sample size in the 

Camiletti study, where the average sample size for each treatment was ~20 ovaries. My study, 

however, increased the sample size to at least 100+ ovaries per group, and as such is likely to 

have produced a more accurate assessment of fecundity.  My study has confirmed the previous 

finding that QMP is capable of repressing reproduction in a concentration dependent manner. 

The highest dose tested- 26 Qeq- reduced the number of mature oocytes produced by ~72% 

(Fig. 3.1), showing that this is not a minor repressive effect, and likely has a large impact on 

the reproductive capacity of these individuals.  

 

It is of note that there is a high level of variation in the response observed (Fig. 3.1), implies a 

large amount of biological variation in this system. This is not unusual for multiple reasons. 

The first of which is that worker honeybees also show variations in their responses to QMP. 

This is believed to be due to a variety of reasons, such as; genetic differences (Pankiw et al., 

1994), nutritional status at various life stages (Walton et al., 2018), seasonality (Pankiw et al., 

2000), as well as worker age itself (Pham-Delegue et al., 1991; Pham-Delègue et al., 1993). 

Secondly, it is also a reflection of the fact that QMP has not evolved to act in D. melanogaster. 

Further emphasising that this is a non-target system is the alteration in sensitivity observed (Fig. 

3.1). It is true that repression is induced with only 3.25 Qeq, yet this is not the absolute 

repression achieved within a honeybee hive. Even at the highest dose given, 26 Qeq- equating 
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to the presence of 26 queen bees (Pankiw et al., 1996)- we were unable to achieve complete 

repression (Fig. 3.1). This indicates a far less sensitive response, especially considering that 1 

Qeq is sufficient to repress thousands of worker honeybees (Pankiw et al., 1996) (in 

conjunction with brood pheromone (Pettis, J S. et al., 1997)). This lack of sensitivity is likely 

the by-product of D. melanogaster not being the target species for this pheromone. As such, 

they have not been subjected to the evolutionary arms race between queens attempting to 

repress workers, and workers attempting to escape (Le Conte and Hefetz, 2007; Symonds and 

Elgar, 2008)- likely leading to a sensitive, tightly regulated response in worker honeybees. 

Despite this, a clear phenotype of repression is observed at a group level (Fig. 3.1).  

 

The specificity of this response is shown by the lack of repression observed in response to the 

control 7-tricosene (Fig. 3.2 and Camiletti et al., 2013). This indicates that arbitrarily high D. 

melanogaster pheromones do not induce repression. Further supporting this, is the lack of 

repression observed in response to 26 Qeq of the ancestral hymenopteran queen pheromones 

(Lovegrove et al., in press). Suggesting that even the linear alkanes (constituting a nearly 

ubiquitous component of social insect queen signals (Van Oystaeyen et al., 2014)) are 

incapable of repressing reproduction in D. melanogaster, therefore making the repression 

induced by QMP specific to this pheromone. It also implies that in the evolution of QMP, 

ancient and highly conserved pathways have been targeted to regulate reproduction, giving 

honeybee QMP a far more phylogenetically broad affect than the social insect pheromones 

from which it diverged (Lovegrove et al., in press).  

 

I also investigated the timing of this response to 26 Qeq QMP by conducting a time course of 

response. This showed that after 12 hours of QMP exposure, there was no difference in the 

number of mature oocytes (Fig. 3.3).  Repression is established, however, by 24 hours of 

exposure. As virgin female D. melanogaster do not lay eggs without mating (for an average of 

7 days) (Wyman, 1979), it is possible to assume that any eggs reaching stage 14 are retained 

within this time span. The number of mature oocytes produced in the presence of QMP is ~5 

after 24 hours, and is maintained at this level (within 2 oocytes) for the first 48 hours of 

exposure, suggesting that they are not producing more (or very few) eggs past 24 hours of QMP 

exposure (Fig. 3.3). Over 72-120 hours, however, there is an increase in the number of mature 

oocytes from 5 to 8. This does imply that, despite the repressive effects of QMP, complete 

repression is not being achieved, and a low level of oocyte maturation is still occurring. This 

work (Fig. 3.3), coupled with the concentration gradient response (Fig. 3.1) is strongly 
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indicative of a clear phenotype of repression in response to QMP, that is established within the 

first 24 hours of exposure.  

 

The extent to which this response observed in D. melanogaster parallels that seen in worker 

honeybees is reliant on not only reproductive repression (Fig. 3.1), but also the ability to 

plastically activate ovaries in the absence of this signal (Jay, 1968). This study has shown that 

D. melanogaster previously exposed to QMP are capable of sensing this change in their 

environment, and subsequently activate their ovaries (Fig. 3.4). This recovery is rapid and 

complete- leaving no indication of previous repression in the number of oocytes they produce. 

After 48 hours of removal there is no difference in the number of mature oocytes between 

plastically recovered for 48 hours or the 48-hour control. This same trend is seen in the 72-

hour recovery also. This shows that this QMP repression is completely reversible, within a very 

short time span (Fig. 3.4).  

 

This timespan itself is quicker than that observed in worker honeybees, and this is likely due 

to two factors. The first, that D. melanogaster do not undergo the complete tissue quiescence 

that worker honeybees are subjected to- seen in the low level of reproduction indicated by 

slight increases in oocytes over time in the presence of QMP (Fig. 3.4). Therefore, they are 

recovering from a ‘shallower’ repression than workers, theoretically taking less time to recover. 

The second, that there will be differences between species in the rate with which they reproduce. 

D. melanogaster oocytes progress from stage 1-14 in only 63.5 hours (Jia et al., 2016). In 

honeybees (both queens and workers) the time in which it takes an oocyte to pass through the 

stages of maturation is still unknown. In workers, however, by 10 days post QMP removal 

(Duncan et al., 2016), there is significant plastic activation observed in ~50 % of workers (Jay, 

1968). Therefore, despite differences in timing and extent of repression, there is both repression 

and plastic activation in response to QMP in both worker bees as well as D. melanogaster.  

 

Worker honeybees do not have the reproductive machinery to allow for mating, making all 

workers virgins. Therefore, whether mating status has an effect on the response to QMP has 

never been investigated. This study has addressed this question in D. melanogaster, by showing 

that mating status does not affect the way in which QMP acts (Fig. 3.5). The only difference in 

number of mature oocytes was in the control groups, where the mated controls had <10% fewer 

mature oocytes (Fig. 3.5). This is likely due to egg laying, as virgin females retain their mature 

eggs for an average of 7 days (Wyman, 1979). The mated females may therefore have begun 
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laying- leaving fewer mature oocytes in their ovaries. However, without having looked for 

wandering larvae in their vials, this remains simply the most likely explanation. When applied 

to bees, however, it implies that if workers were capable of mating before reproducing, they 

might still remain repressed by QMP.  

 

A potential concern related to the practical setup of these D. melanogaster trials was the use of 

Nipagen/HOB (methylp-hydroxybenzoate) as a common antifungal agent in the food on 

which D. melanogaster larvae are reared (see Cold Spring Harbour Protocols- 

doi:10.1101/pdb.rec081414). HOB is one of the five components of QMP (Slessor et al., 

1988). The amount (per 10 individuals- the standard group size exposure for these QMP trials) 

D. melanogaster were raised on is 160 Qeq of HOB. As this was potentially confounding if 

Nipagen/HOB is capable of acting without the remaining QMP compounds, this study tested 

the effects of Nipagen/HOB. It was found Nipagen/HOB alone has no effect on reproduction 

(Fig 3.6). Significant repression was also observed after exposure to QMP regardless of 

Nipagen/HOB status during rearing. However, when exposed to QMP in adulthood, there 

was a difference in the magnitude of the repressive effects of QMP (Fig. 3.6). Nipagen/HOB 

raised had a significantly greater reduction in mature oocytes, versus those raised without it. 

This suggests that despite having no role singularly- Nipagen/HOB is capable of acting 

synergistically with QMP to potentiate its repressive effects. As the benefits of antifungal 

agents are manifold, the use of antifungals is standard in D. melanogaster  rearing, and 

producing a more obvious phenotype to study is also not detrimental, it was deemed 

acceptable to rear all D. melanogaster on Nipagen/HOB.  

 

Work has previously been carried out on how QMP may be being sensed in D. melanogaster 

(Camiletti et al., 2016). It showed that olfaction seems to be a likely mechanism- however the 

no touch assays were suggestive of multiple mechanisms. Preventing physical interaction with 

QMP produced an intermediate repression compared to unimpeded access- suggesting 

olfaction is only part of the response (Camiletti et al., 2016). The observation that one of the 

single components of QMP (Nipagen/HOB) is not sufficient to repress reproduction (Fig. 3.6), 

yet is capable of acting synergistically with QMP supports the idea that there may be multiple 

mechanisms through which QMP acts- as it seems multiple components are required for its 

action, as well as multiple sensing pathways. In light of this, work was carried out into the 

extent to which olfaction plays a role in D. melanogaster, particularly the role odorant receptors 
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(ORs) are playing (Fig. 3.7). To do so, the antennae and maxillary palps were ablated from 

virgin female D. melanogaster either as antennae alone (AR), maxillary palps alone (MPR) or 

as both at once (ARMPR). These two sensory tissues are the source of all ORs in D. 

melanogaster (Su et al., 2009; Vosshall and Stocker, 2007). The removal of single tissues tests 

for the role they play in this response, whereas the removal of both at once tests for redundancy- 

if the ORs in both of these tissues share a role, then one may compensate for the others absence. 

Without both, however, any shared action they have should be revealed. Previous Orco mutants 

had exhibited impaired reproduction (Camiletti et al., 2016)- making the effects of olfaction as 

a whole process, particularly its relation to QMP sensing, difficult to ascertain. We aimed to 

remove the OR sensing as a whole, whist not impairing reproduction. The removal of these 

sensory tissues proved effective, as the AR and MPR groups showed no decrease in the number 

of mature oocytes they were capable of producing (Fig. 3.7). Removing both at once caused a 

decrease in the number of mature oocytes, although this is likely due to the fitness cost of this 

procedure- more resources are probably being channelled to dealing with the wounds, as well 

as preventing infection.  

All three groups that had had olfactory tissues removed still showed significant repression in 

response to QMP (Fig. 3.7). In the cases of all groups that had antenna removed (AR and 

ARMPR), the repression was as great as that observed in the intact QMP exposed group. This 

is indicative of antenna not being required for the sensing of QMP. A slight reduction in the 

response to QMP was observed in the maxillary palp removed group (MPR), as these did not 

exhibit repression to the extent observed in the intact controls (Fig. 3.7). However, this is 

unusual in light of removing these maxillary palps and antennae at once producing greater 

repression. It is therefore difficult to determine the extent to which these tissues are playing a 

role. Despite some ambiguity, this study does clearly show that the D. melanogaster do not 

require antenna or maxillary in order to sense QMP, as their loss is insufficient to abolish this 

response (Fig. 3.7). 

Previous no-touch assays (Camiletti et al., 2016) indicated a partial role for OR olfaction. The 

loss of the sources of OR demonstrated here showed that there are other mechanisms through 

which QMP is acting. Combined this suggests that OR olfaction, as well as non-antennal or 

maxillary palp based mechanisms are used in the sensing of QMP. Other sources of potential 

receptors include ionotropic receptors (IRs), found in the antennae, labellar sensilla (mouth 

parts), taste pegs (mouth), leg sensilla, wing margin hairs, pharyngeal sensilla, and inside the 
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abdomen (reviewed in Joseph and Carlson, 2015). The second type of receptors which remain 

untested are gustatory receptors (GRs), also found in the antenna and maxillary palps, as well 

as the same locations previously stated for the IRs. They are found even more widely though, 

having been located in the midgut, oviduct and ejaculatory duct also (reviewed in Joseph and 

Carlson, 2015).  Our lack of response seen is in contrast to the previous work by Camiletti et 

al., where they found intermediate results (Camiletti et al., 2016). It is possible the ability for 

intermediate repression to be gained by a mesh barrier, and full repression with ORs removed 

is due to the mode of sensing. If D. melanogaster are sensing QMP through IRs or GRs on 

their mouth parts or legs, than the full access they have to QMP would not be a hinderance to 

their repression- even after sensory tissue ablation. This would still produce full repression. 

The mesh barrier would prevent access through any means other than olfaction- preventing full 

repression. It is quite possible there are multiple redundant means of sensing in this system, 

and that when the intermediate repression of Camiletti et al, and our full repression in the 

absence of maxillary palps or antennae are combined- it does support this possibility. Further 

work is required to determine the role that these other receptors (IRs and GRs) may be playing, 

as well as what other mechanisms are acting here, to give a clearer indication of their role.  

The current way in which QMP is being sensed honeybees is believed to be through their 

antennae (Brockmann et al., 1998; Wanner et al., 2007). Workers are known to display retinue 

behaviour, whereupon workers will surround a queen (the source of QMP) and feed, lick and- 

most importantly for this work- antennate her (Allan, 1955). This retinue response is, however, 

age dependent, with workers that are less than 5 or 6 days old exhibiting the highest levels of 

this behaviour (Allan, M. D., 1960; Pham-Delegue et al., 1991; Seeley, 1982). As antennation 

is a key feature of this retinue response, it would suggest that antennae, and presumably 

olfaction, are a key component of how QMP is sensed. Our study, however, has shown that D. 

melanogaster do not require their antennae for the sensing of QMP (Fig. 3.7). Therefore, work 

was undertaken to investigate the role antennae are playing in worker honey bees response to 

QMP. This was initially attempted through the ablation of antennae from newly emerged 

worker honeybees- mimicking our D. melanogaster study. However, due to differences in the 

robustness of these species in response to this procedure, the death rates observed in workers 

was prohibitively high (in excess of 90%- data not shown). Therefore, a less stressful approach 

was utilised, a version of the no-touch assay used in other D. melanogaster  studies (Camiletti 

et al., 2016). This allowed workers unimpeded access to QMP, or a mesh barrier preventing 

their interaction, but presumably, allowing for the olfactory sensing of volatile compounds.  
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We found that those workers that had a mesh barrier preventing their access to QMP, and those 

not exposed to QMP, activated their ovaries to the same extent (Fig. 3.8). Ovary activation in 

the absence of a queen is to be expected (Jay, 1968), which is observed in the no touch controls. 

If, however, workers were sensing QMP with their antennae, it would be expected that an 

inability to physically interact with it, whilst still being in the presence of volatiles, would not 

impact their sensing of QMP- meaning they remain reproductively repressed. However, that is 

not what was observed. Instead, those workers who could not touch QMP activated their 

ovaries to the same extent as those which had no QMP at all (Fig. 3.8). This suggests that 

physiologically, being unable to touch QMP is the same as there being no QMP in the 

environment at all. This is supported by the fact that significant repression was still observed 

in the group which was exposed to QMP with full access. Overall, this is indicative of QMP 

being sensed by means other than olfaction- perhaps through gustatory receptors during the 

process of trophallaxis. This finding comes with the caveat that there were only two replicates 

for the no touch groups, as opposed to the desired three for the touch group. Unfortunately, due 

to restrictions of seasonality associated with honeybee work, there was insufficient time to 

collect a third replicate. As such, there should obviously be a reservation in the interpretation 

of this data. In light of this, it is possible to say that it seems likely that honeybees do not sense 

QMP with their antenna, however further work is needed.  

When this is compared to previous no-touch assays in A. mellifera, there are differences as well 

as constancies. The earliest no-touch assay was carried out before QMP was characterised, and 

as such whole queens were used to extract ‘queen-substance’. This study found that when the 

false queen was caged, workers had ovaries which were less active than workers without this 

source of pheromone (Erp, 1960). This would suggest that volatile compounds are passing 

through the mesh, to be sensed via antennae. However, as a positive control with touch was 

not carried out, it is difficult to tell whether this is an intermediate level of activation- as some 

ovary activation was observed (Erp, 1960). Later work was focussed on the presence or absence 

of brood, and as such there was no brood present whilst the queen was caged or free-roaming 

(Jay, 1972). In this case, workers showed intermediate ovary activity, with no significant 

difference being seen between a caged or free queen. This was compounded by the other 

influence of the absence of brood, but the lack of difference would suggest that workers do not 

need direct access to the queen- and that her pheromones are volatile. Lastly, an experiment 

was carried out in which a hive was divided with a mesh barrier and the queen was confined to 

one side. The mesh was single layered to allow for trophallaxis between workers, or double 
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layered with a width of separation that would prevent this (Katzav-Gozansky et al., 2004). The 

single mesh experiment, however, showed an intermediate level of activation. This would 

suggest that either a) volatile compounds are being sensed, or b) QMP is being spread by 

trophallaxis through the single layer of mesh. This was clarified when the double layer of mesh 

induced the same level of activation as a queen-less hive (Katzav-Gozansky et al., 2004), 

suggesting trophallaxis was key. Contrary to the two previous studies, this would suggest that 

QMP is non-volatile, and without direct contact workers are unable to sense the presence of a 

queen. The literature is therefore varied and confounded in regards to whether workers can 

sense a queen when physically separated from her. There have been no studies other than the 

one described in this chapter (to the best of our knowledge) using QMP as opposed to a queen. 

All of these studies are hindered somewhat by either insufficient controls, or simply the 

research focus being tailored to another question. There are two which suggest volatile 

compounds act through mesh (presumably by olfaction) (Erp, 1960; Jay, 1972), and two 

(including this chapter) which suggest workers do not sense a queen without direct contact or 

trophallaxis (Katzav-Gozansky et al., 2004). Other possibilities must be considered, such as 

the possibility that sensing through means other than antennation and trophallaxis must be 

considered too- as honey bees also possess gustatory receptors on their feet also (Sanchez De 

Brito, 2011).  It is quite possible that the five different compounds act in different ways, with 

some being volatile and sensed via antennae, and others perhaps sensed via gustatory means 

through trophallaxis or other means- these concepts are not necessarily mutually exclusive.  

When comparing the data gathered here in relation to how D. melanogaster and worker honey 

bees sense QMP (Fig. 3.7, Fig .3.8), it is possible to see commonalities in these systems. We 

have shown that D. melanogaster are capable of sensing QMP without their antennae, perhaps 

through gustatory means. Worker bees also do not seem to sense QMP with their antenna. As 

QMP is spread through trophallaxis within the hive, it is quite possible that the sensory 

mechanisms are gustatory. Upon reflection, this is perhaps more likely than workers sensing it 

through antennal means, as gustatory receptors would be closest to the source of QMP during 

this exchange of fluids. However, the retinue response must once again be considered, where 

antennation is a key feature. Therefore, it is possible any components of QMP that are sensed 

antennally are done so in a sex-specific or compound specific manner. For instance, QMP acts 

not only to repress worker reproduction, but also to attract male drones on a queens mating 

flight (Butler and Fairey, 1964; Gary, 1962; Loper et al., 1993). It has been shown that drones 

are particularly attracted to a single compound of QMP 9-ODA (Brandstaetter et al., 2014). 
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The amount of 9-ODA is greater in virgin queens than mated ones (Pankiw et al., 1996; Plettner 

et al., 1997), perhaps acting as an attractant to the appropriate reproductive state. It is possible 

that the antennal response is limited to drones. It also may be the case that the compounds 

within QMP which illicit the behavioural responses are antennal, whereas perhaps those which 

have an effect on reproduction are sensed via gustatory means. This is purely speculation- as 

more work is required to investigate this. For instance, with CRISPR/Cas9 now being 

established in A. mellifera (Roth et al., 2019), it would be very interesting to disrupt Orco 

function, and investigate to what extent odorant receptors are required to sense QMP, and 

whether factors such as age, nutrition or sex are important in this. Depending on results- if ORs 

are important, specific ORs could be investigated in this fashion, as could GRs if olfaction does 

not explain all of the phenotype.  

This work aimed to better characterise the response of D. melanogaster to honeybee QMP, 

allowing for a more informed approach moving forward into work investigating mechanisms 

of action, as well as the evolutionary history of this response. We have confirmed the specificity 

and dose dependent response to QMP, as well as showing the timing of its action. Paralleling 

the action observed in worker bees, we have demonstrated the rapid, complete plastic recovery 

in the absence of QMP. Furthermore, we have shown that odorant receptors on the antennae 

and maxillary palps are not required for the sensing of QMP in D. melanogaster- already 

informing our work in honeybees. This provides incentives for further work into the other 

sensory mechanisms by which QMP may be acting- such as ionotropic or gustatory receptors, 

particularly in worker honeybees. Overall, this has added to our understanding of the D. 

melanogaster response to QMP, as well as impacting the research to be conducted in honey 

bees.  It has shown the great opportunity that D. melanogaster provide- both as a tool for 

investigating the mechanisms through which QMP is acting in this tractable species, but also 

in themselves as a highly evolutionary diverged group. With this, we can compare our findings 

on mechanisms to those in A. mellifera, and gain insight into the evolutionary history of QMP- 

in particular what genetic pathways have likely been co-opted to be regulated by QMP.  
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Chapter Four: Mutagenesis and selection for resistance to 
QMP 
 
4.1 Introduction 
 
 
We wanted gain insight into how QMP is acting to repress reproduction in Drosophila 

melanogaster. By using chemical mutagenesis, we aimed to mutate every gene in the D. 

melanogaster genome. In combination with this, we then added a selection pressure (of 

reproducing in the presence of QMP) to the mutated offspring across successive generations. 

We were looking for individuals which had developed a reduced sensitivity to the reproductive 

repression from QMP. As such, these individuals would not suffer the repressive effects of 

QMP, and would have proportionally more offspring. Over successive generations, those 

individuals with reduced sensitivity would increase in proportion in the population by having 

more offspring, thereby generating a group that was less responsive to QMP. This group could 

then be sequenced, and the mutant genes in common across this group and pathways identified. 

This would allow for the study of the whole system response to QMP at one time, the 

identification of genes involved in this response, as well as functional evidence for the role of 

those genes identified.  

 
This body of work aimed to investigate the response of D. melanogaster to honeybee QMP. In 

essence, there are three components to the way in which QMP acts. The response itself is not 

just limited to the way in which an ovary responds, but also how QMP is initially sensed, and 

how that signal is transduced to the ovary. Techniques such as RNA-seq allow for the 

identification of genes changing their pattern of expression in response to stimuli, as well as 

the magnitude of change. This is most effective, however when done in a highly tissue specific 

way, minimising the ‘noise’ in the data coming from non-target tissues. This means that only 

one of the three aspects of the response to QMP could be studied at one time, as opposed to the 

system as a whole. RNA-seq also requires a further burden of proof- namely that of functional 

investigation once genes of interest have been identified. This work usually involves the 

disruption of the natural gene function (either by loss or gain of expression), which should alter 

the response to stimulus. In this experiment, we aimed to study the entirety of the response of 

D. melanogaster to QMP, and both identify genes, as well as functionally investigate them in 

a single study. 
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Figure 4.1 A diagram showing the overall concept of this mutagenesis screen in D. 
melanogaster. Wild type populations are mutagenized, before their offspring are selected in 
the presence of QMP for 11 generations. As QMP normally represses reproduction in D. 
melanogaster, any females who escape this repression will have proportionally more offspring. 
Across successive generations those offspring from individuals escaping repression will 
increase, until resistant populations are generated. These can be sequenced, and the genes 
which confer this resistance can be identified.  
 

Much of what is known about the function of genes in D. melanogaster melanogaster is due to 

mutagenesis experiments. The most notable of these was the Heidelberg screen. It utilised the 

chemical mutagen EMS (ethyl methanesulfonate) to induce random mutations in the germline 

of D. melanogaster. By studying the phenotypes of the offspring of these individuals, the group 

was able to identify genes associated with development (Nüsslein-Volhard and Wieschaus, 

1980). For instance, many of the patterning and cuticle structure genes in larvae were first 

identified in this way. The screen identified ~ 600 mutants with related phenotypes, which over 

time could be linked back to ~120 genes (Wieschaus and Nüsslein-Volhard, 2016). This is still 

the majority of the genes involved in these processes to date.  

 

The power of the mutagenesis screen is unequivocal, but traditional mutagenesis screens do 

come with certain limitations. Those genes which are vital for life, and as such are lethal when 

modified, can be lost in a screen. In order to keep them, mosaic clones needed to be generated, 

allowing for homozygous mutant tissues to be generated in an organism that was otherwise 
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wild-type (Horn et al., 2003). Obviously, the process of studying every gene possible is a 

difficult and laborious task. However, in this study we were not aiming to study every gene in 

depth, but rather to disrupt the normal functioning of pathways, in the hope that every 

biological function would be disrupted in this way. To do so, we utilised a modified 

mutagenesis screen, where a selection element was also added. The logic behind this was 

simple. Instead of laboriously generating mutant lines and testing for genes associated with the 

response to QMP in a possibly biased fashion (i.e. ‘picking’ genes on interest), we aimed to 

mutate every gene in the D. melanogaster genome at random. This therefore is inherently non-

biased, as we are not relying on a candidate-based approach. From this point, the mutagenized 

offspring were to be selected in the presence of QMP- a repressive stimuli. Those individuals 

which carried a mutation in a gene or pathway that disrupted this response would therefore 

escape repression, and as such produce proportionally more offspring. Across successive 

generations, this would lead to the generation of lines carrying mutations which allow for 

escape from QMP- whether it be through sensing, signal transduction, or ovarian repression 

(Fig 4.1). These individuals would continue to produce more offspring than their repressed 

counterparts, and as such we would see a population that had reduced sensitivity to QMP. This 

could be sequenced, and the common mutations across this group could provide insight into 

the mechanisms through which QMP was acting.  

 

4.2 Results: 

 

4.2.1 Explanation of mutagen dose and sample size  

 

Many chemical mutagens, such as the traditionally utilised EMS, cause point mutations. In this 

study, we wanted to be able to easily identify mutations in our sequence after selection. As 

such, we used hexamethylphosphoramide (HMPA), as it does not induce point mutations, but 

rather deletions, observed to range from 2 - 315 base pairs (Aguirrezabalaga et al., 1995).  In 

theory, this would create a dataset in which the genes and pathways involved are easily 

identifiable as deletions in the sequence, when compared to wild-type.  

 

HMPA is not as commonly used as EMS in mutagenesis screens, however it has been used in 

D. melanogaster screens previously (Aguirrezabalaga et al., 1995; Nairz et al., 2004). The rate 

of mutation has differed depending on the study. In the Aguirrezabalaga study, it induced 

mutations at a frequency of 2.1 x 10 -4 mutations per base pair at a 0.25 mM dose. However, in 
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the Nairz study it was a frequency of 2.25 x 10 -4 mutations per base pair at a 25 mM dose. 

This suggests that the mutation rate is non-linear. There were however, a variety of factors that 

may have influenced these rates. Firstly, Aguirrezabalaga also used N,N-dimethyl benzylamine 

(N,N-DMB), which increases the efficieny of mutation by a factor of 1.5. Nairs did not use this, 

as it caused an increase in sterility in their males. As such, we did not use N,N-DMB either, as 

this screen relies on the muatgenised males being capable of mating. Differences were also 

seen in the exposure time, where Aguirrezabalaga exposed their males for 72 hours, and Nairs 

used a higher dose, but for a shorter time span (overnight). It is possible that these differences 

in timing and the use of N,N-DMB explain the similar rates of mutation with doses that differ 

greatly (0.25 mM vs 25 mM).  

 

The design of our experiment meant males needed to be exposed in a short time period 

(overnight), and have high rates of fertility to ensure we have the greatest number of genes 

mutated to select upon. If males are infertile, we would lose the mutations they carry. For these 

reasons, the dose used in this study was 25 mM HMPA without N,N-DMB, the same as Nairz. 

Calculations and dilutions for HMPA are described in the methods section.  

 

Ideally, there would be one coding mutation induced per male, for each of the ~14,000 genes 

in D. melanogaster. However, practicality necessitated that there were 10 coding mutations 

instead- to allow for 1,400 males to be collected and used to cover the whole coding genome, 

instead of 14,000. This is due to the age restrictions, as the males needed to be collected within 

a 72-hour window. To allow for death or handler error, 10 % more males were collected, 

bringing the total up to 1,540. For each male, there would be two age matched virgin females 

to mate with (3,080 total). The offspring of this cross were to be selected for multiple 

generations in the presence or absence of QMP (described in Chapter 2). This is briefly 

diagrammatically explained in Fig. 4.2 A-C.  
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Figure 4.2 A diagram showing the setup for this mutagenesis and selection experiment. This 
includes D. melanogaster collection and mutagenesis (A), the establishing of populations P1 
and P2 (B), as well as QMP exposure (C).  
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4.2.2 Monitoring the average number of offspring per individual 

 

This mutagenesis and selection screen began with the generation of six populations to be tested 

and selected upon. The process of generation is described in detail in the methods. In brief, 

these six populations consisted of three groups. The first was a non-mutagenized wild-type 

control line that was never exposed to QMP. The second was mutagenized with HMPA at a 

rate of 10 coding mutations per genome, but also never exposed to QMP. The last was also 

mutagenized with HMPA at the same rate, and then selected in the presence of QMP. Each of 

these three groups (Wild-type control, HMPA control and HMPA QMP) had a population one 

and two (P1 and P2). These were generated from the individuals which emerged in the first 24 

hours of emergence (P1) or 24 - 48 hour from first emergence. This gave six populations in 

total (see Fig 4.2).  

 

The phenotype of interest in this study was an increase in the average number of offspring 

produced per female. In particular, the comparison of the response of HMPA mutagenized 

controls versus the HMPA mutagenized QMP exposed populations. To monitor this, the 

number of mated D. melanogaster females that started each generation were counted, as were 

the number of pupae that were produced at a population level up to (and including) the first 

day of adult emergence. When the number of pupae produced were divided by the females 

starting the generation, this gave the average number of offspring per female.  

 

The selection of newly emerged adults, the numbers used and the details of their maintenance 

and exposure are covered in the methods section. The process described was carried out for 

every population for nine generations. During this process, the timing of emergence for 

different populations became asynchronous, as such by the time the eleventh generation of 

QMP exposed was recorded, the ninth generation of the non-mutagenized P1 was emerging. 

This is the reason for the absence of data in the F10 and F11 in Fig. 4.2. 

 

Across the experiment, every population showed a fluctuation in the ratio of offspring per 

female. For the Wild-type control P1 and P2, this was between 5 – 15 offspring. The same 

trends were seen for the HMPA mutagenized controls (except for a particularly low number at 

F7 in P2, and slightly higher P1 in the same generation) (Fig. 4.2). The reason for these 

differences are unknown- but perhaps reflect the natural variation in reproductive rate. On 

average, the HMPA mutagenized QMP exposed populations were lower than the other groups 
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for generations 1 – 7, indicating QMP repression. In the eighth generation, the HMPA QMP 

P1 showed a 3-4-fold increase in the number of offspring produced, to almost 37 offspring per 

female (Fig 4. 3). This was a marked increase, and as such the experiment was continued to 

test whether the trend held across successive generations. However, for the next three 

generations, the ratio of females to offspring dropped back to levels observed earlier, and by 

F11 it was similar to those observed in F1. Suggesting that an escape from QMP repression 

had not been achieved. 

 

A likely explanation for the F7 for QMP P1, was that during the time period of exposure, there 

was an incubator malfunction, which led to a drop in humidity. The by-product of which was 

the liquid food drying out, and these females starving to death. At the end of the F7 exposure, 

there were only four females left alive to breed from to produce F8, and as such they had 

underwent a severe bottleneck. Since populations were maintained at a density of 50 females 

per bottle, these four remaining individuals had the resources normally given to 50. As such, 

their reproduction seems to have increased greatly- but is likely an artefact of this altered 

resource allocation. 

 

Despite the QMP P1 F8 likely being an artefact- supported by this trend not being maintained 

in the next three generations- the possibility that this was real escape from QMP was tested. 

This was by establishing a secondary set of study populations from each of the six populations 

from the offspring of F8. The offspring of F8, were kept instead of being discarded after they 

laid. This generated replicates of all six populations, generated from the adults which emerged 

from F8. 
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Figure 4.3. A bar chart showing the average of the number of offspring produced per female 
at a population level. There were three treatment groups; 1) Wild-type controls- not 
mutagenized, not exposed to QMP (grey), 2) HMPA mutagenized controls – not exposed to 
QMP (blue), 3) HMPA mutagenized and exposed to QMP (orange). Each of the three treatment 
groups consisted of two populations; P1 established from the individuals which emerged in the 
first 24 hours at the start of the selection experiment (light bars), P2, established from those 
which emerged in the second 24 hour period (24-48 hours) (darker bars). Offspring per female 
were monitored for 9-11 generations.  
 

4.2.3 Testing for reproductive repression in response to QMP 

 

To test for a functional escape from QMP repression, females were exposed to QMP, then had 

their ovaries removed and the number of mature oocytes counted as a measure of fecundity. 

Briefly, for all six populations, they were raised on a standard diet, then virgin females were 

collected and aged for 24 hours. They were then exposed to 26 Qe of QMP on a liquid diet, or 

a solvent control, for 48 hours (as described in the methods). After which time, ovaries were 

dissected out, fixed, slide mounted and the number of mature oocytes were counted as a 

measure of fecundity. For every population, when the QMP exposed was compared to its paired 

solvent control, there was significant repression seen (p>0.05) Therefore, there was no 

functional evidence of an escape from QMP response (Fig 4.4).  
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Figure 4.4. A box and whisker plot showing the number of mature oocytes per ovary for lines 
exposed to a control (dark plots), or 26 Qe QMP (light plots) for 48 hours. D. melanogaster 
were raised on standard diets. There were three treatment groups; 1) Wild-type controls- not 
mutagenized, not exposed to QMP (grey), 2) HMPA mutagenized controls – not exposed to 
QMP (blue), 3) HMPA mutagenized and exposed to QMP (orange). Each of the three treatment 
groups consisted of two populations; P1 established from the individuals which emerged in the 
first 24 hours at the start of the selection experiment, P2, established from those which emerged 
in the second 24 hour period (24-48 hours). This group was established from F8 of the selection 
experiment. Significance is determined when p<0.05. 
 

4.2.4 Testing for dietary protein interaction with QMP response 

 

In the above trial, there were more mature oocytes produced than is usually observed (see 

Chapter 3.1). The QMP P1 and P2 groups produced ~ 25 % more oocytes than the non-

mutagenized controls (p<0.05). Other work has determined that there is an interaction with 

dietary protein (from yeast) and QMP response (data not shown). Increased protein leads to the 

production of more mature oocytes, and a more pronounced difference in QMP response. With 

less protein, the repression observed is reduced. Further trials were therefore carried out in 
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order to test whether a subtler difference in response was observed under different dietary 

conditions.  

 

To do so, the above trial was repeated, but with either double, or half the amount of yeast in 

the liquid diet the D. melanogaster were maintained on with the treatment for 48 hours. The 

double yeast groups had an overall increase in the number of mature oocytes produced, and all 

pairings of solvent control and QMP remained significant (p>0.05). This indicated there was 

no escape from repression when the protein content of the diet was doubled (Fig. 4.5). 

 

 

 
 

Figure 4.5. A box and whisker plot showing the number of mature oocytes per ovary for lines 
exposed to a control (dark plots), or 26 Qe QMP (light plots) for 48 hours. D. melanogaster 
were raised on double yeast diets. There were three treatment groups; 1) Wild-type controls- 
not mutagenized, not exposed to QMP (grey), 2) HMPA mutagenized controls – not exposed 
to QMP (blue), 3) HMPA mutagenized and exposed to QMP (orange). Each of the three 
treatment groups consisted of two populations; P1 established from the individuals which 
emerged in the first 24 hours at the start of the selection experiment, P2, established from those 
which emerged in the second 24-hour period (24-48 hours). This group was established from 
F8 of the selection experiment. Significance is determined when p<0.05 

0
10

20
30

40
Co

nt
ro

l.P
1.

Co
nt

ro
l

Co
nt

ro
l.P

1.
Q

M
P

Co
nt

ro
l.P

2.
Co

nt
ro

l
Co

nt
ro

l.P
2.

Q
M

P
HM

PA
.P

1.
Co

nt
ro

l

HM
PA

.P
1.

Q
M

P
HM

PA
.P

2.
Co

nt
ro

l

HM
PA

.P
2.

Q
M

P

Q
M

P.
P1

.C
on

tro
l

Q
M

P.
P1

.Q
M

P

Q
M

P.
P2

.C
on

tro
l

Q
M

P.
P2

.Q
M

P

Treatment

N
um

be
r o

f m
at

ur
e 

oo
cy

te
s

*

* *

*

*

*



 109 

The half yeast trial reduced the number of mature oocytes produced. Despite this, there was 

still a significant difference in between the solvent control and QMP treated pairings for all of 

the populations tested. The non-mutagenized control P1 lacked replicates for the QMP 

exposure, and the P2 lacked the QMP exposed entirely. This was due to issues with QMP 

supply during the end of this trial. Instead of testing individuals of vastly different generations 

after the QMP supply had been resumed, it was deemed more accurate to not include these 

individuals in this final test. Despite this, the QMP selected P1 and P2 showed no evidence of 

escape from repression (p>0.05) when on a diet with half the protein content (Fig. 4.6), and 

these were the main groups of interest.  

 

 
 

Figure 4.6. A box and whisker plot showing the number of mature oocytes per ovary for lines 
exposed to a control (dark plots), or 26 Qe QMP (light plots) for 48 hours. D. melanogaster 
were raised on half yeast diets. There were three treatment groups; 1) Wild-type controls- not 
mutagenized, not exposed to QMP (grey), 2) HMPA mutagenized controls – not exposed to 
QMP (blue), 3) HMPA mutagenized and exposed to QMP (orange). Each of the three treatment 
groups consisted of two populations; P1 established from the individuals which emerged in the 
first 24 hours at the start of the selection experiment, P2, established from those which emerged 
in the second 24 hour period (24-48 hours). The wild-type control groups were not exposed to 
QMP. This group was established from F8 of the selection experiment. The wild-type control 
P1 and P2 do not have a QMP treated group here. Significance is determined when p<0.05 
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The modifications to diet altered the number of oocytes that were produced, with more protein 

leading to an overall increase in the number of oocytes produced, with the opposite occurring 

with a reduction. Despite this, the trends we saw, of the control and QMP exposed pair being 

different, for each of our six lines held. Altering the diet did not allow for escape from 

repression by QMP. At this point we were satisfied that we had not been able to generate D. 

melanogaster capable of escaping QMP repression- as far as altering their number of mature 

oocytes. Also, that our previously observed trend of a significant interaction with dietary 

protein, ovary size and QMP repression held constant.  

 

4.2.5 Individual tests of reproductive capacity 

 

In order to test the reproductive capacities of these six populations in a more in-depth fashion, 

we isolated 30 virgin females for each of the six populations into their own vials. These were 

then mated with two age matched males each, from the same lines. The males were discarded, 

and the females allowed to lay eggs for 24 hours, before being transferred to a new vial, and 

laying for a further six days (making the total laying time one week). The females were 

discarded, and the vials monitored. The pupae were counted for every female, and every vial. 

This gave us an indication of their ability to lay eggs, and complete the process of reproduction.  
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Figure 4.7 Bar charts showing the total number of pupae produced by 30 individual females 
allowed to lay for A one day or B a further six days. Also shown is the average encumber of 
pupae produced per female after C one day or D a further six days.  There were three treatment 
groups; 1) Wild-type controls- not mutagenized, not exposed to QMP (grey), 2) HMPA 
mutagenized controls – not exposed to QMP (blue), 3) HMPA mutagenized and exposed to 
QMP (orange). Each of the three treatment groups consisted of two populations; P1 established 
from the individuals which emerged in the first 24 hours at the start of the selection experiment, 
P2, established from those which emerged in the second 24-hour period (24-48 hours). This 
group was established from F8 of the selection experiment.  
 

The results of this experiment were unexpected. Despite the number of mature oocytes in the 

ovary being similar, if not larger in the QMP exposed lines (Fig. 4.4), the amount of offspring 

produced (i.e. eggs laid) is reduced in these populations. This is particularly striking in the first 

24 hours of laying (Fig 4.7 A, C). The QMP selected lines produce 2-4.5 times fewer pupae in 
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this time period. This suggests that these lines have an altered reproductive capacity that is not 

at the level of ovarian function, but at that of oviposition. They produce more eggs, but do not 

lay them as readily. By day 7 this difference is not as marked, where it is 1.2- 2 times as many 

pupae, showing a certain amount of recovery in this week period (Fig. 4.7 B, D). Overall 

however, there was a distinct difference in their reproductive capacities.  

 

4.2.6 Lifespan under starvation conditions 

 

 During the course of this experiment, there were issues with the incubator in generation 7, in 

which it failed to hold humidity. This meant that the liquid diet they were exposed to dried out, 

and as such they were under starvation conditions briefly. The QMP exposed selection lines 

were particularly susceptible to this. It raised the possibility of whether there were associated 

costs with altered sensitivity to QMP being- namely a reduced ability to deal with 

environmental stressors such as starvation. To test this, 10 groups of 10 virgin females per 

population (totalling 100 individuals per population) were kept on an agar diet- which had no 

carbohydrate or protein source. This was strict starvation conditions. Every 24 hours the 

numbers of dead were monitored (Fig. 4.8). Over a time period of 96 hours all 600 D. 

melanogaster died. There were no large differences in survival between the three groups. The 

cause of the starvation intolerance observed during the incubator malfunction remains an 

unknown.  
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Figure 4.8.  A survival curve of virgin female D. melanogaster maintained under strict 
starvation conditions for 96 hours- until all individuals were dead. There were three treatment 
groups; 1) Wild-type controls- not mutagenized, not exposed to QMP (grey), 2) HMPA 
mutagenized controls – not exposed to QMP (blue), 3) HMPA mutagenized and exposed to 
QMP (orange). Each of the three treatment groups consisted of two populations; P1 established 
from the individuals which emerged in the first 24 hours at the start of the selection experiment, 
P2, established from those which emerged in the second 24 hour period (24-48 hours). This 
group was established from F8 of the selection experiment. Each group consisted of 10 
replicates of 10 individuals.  
 

4.3 Discussion 

 

This mutagenesis and selection experiment aimed to generate a population of D. melanogaster 

which were resistant to reproductive repression by QMP. In doing so, this could have targeted 

either the sensing of QMP, the transduction of this signal to the ovaries, or the ovarian response 

itself. This was done by generating a starting population that had every gene in the genome 

mutated, and then selecting for individuals which were able to produce the most offspring in 

the presence of QMP. In theory, this should have selected for individuals with a reduction in 

their response to QMP. By sequencing the results, this would give an indication of the genes 

and pathways which are functionally involved in the response to QMP. Overall, we were unable 

to achieve the desired result from this mutagenesis screen, as we saw no evidence of escape 

from repression.  
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There are factors which will have influenced the results of this experiment which must be 

considered. These include the fact that any genes which caused a delay in development, or 

embryonic lethality would be lost during development, and subsequent selection of individuals 

which emerged within the first 24 hours. This is an issue which could not be altered. There was 

no simple recourse for loss of developmental genes. The time span before QMP exposure could 

not be lengthened from 24 hours, as ovaries would produce oocytes before QMP repression 

could act, meaning QMP exposure would not work effectively. As QMP selection was a key 

part of this experiment, loss of any developmentally related genes was an unavoidable by-

product. It must be noted, however, that this is unlikely to be the key set of genes of interest 

here- as we were likely looking for genes and pathways associated with responding 

reproductively to environmental cues.  

 

Despite no escape from QMP repression being observed, there were some differences found 

between the populations that were selected on QMP, and those that were not. An incubator 

malfunction led to a period of starvation which affected the QMP selected group the most. 

When tested, we observed no difference in their lifespan under starvation conditions. This was 

under total starvation conditions, in which all individuals died in 96 hours. The rapid death 

response, however, suggests that this strict starvation may have been too extreme- and perhaps 

a more moderate starvation programme would have been more enlightening After testing the 

number of mature oocytes produced in response to QMP, after exposure to varying amounts of 

dietary protein, we saw no escape from repression. What we did observe, however, was that 

with the standard diet, the QMP selected produced more mature oocytes than the control groups 

(Fig.4.3).  It is possible that an altered sensitivity to diet, starvation or environmental stressors 

is present at the start of an altered sensitivity to QMP, which we have not been able to identify 

here. It is suggestive that nutrition signalling may play a role in the response to QMP. 

 

There were more mature oocytes present in ovaries from QMP selected lines on the standard 

diet, suggesting that they had a higher reproductive capacity under these conditions. However, 

when the number of pupae they produced was monitored, it was found that they produced 2 – 

4 times less pupae in the first 24 hours of laying than the other groups. By seven days of laying 

this difference was reduced to them producing roughly similar, to half the amount of offspring 

(dependent on group they were compared to). It appears that they produce eggs, but then have 

a delay in oviposition. This is obviously not the phenotype that we were intending to select for.  

However, this may be linked with traits we were selecting for. RNA-seq of ovaries that have 
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been exposed to QMP (see Chapter 6) show a difference in the expression of Est-6, an esterase 

associated with oviposition (Bloch Qazi et al., 2003). Therefore, an escape from QMP 

repression may involve an alteration of a pathway Est-6 is involved in, and have produced this 

unexpected phenotype. However, this does not seem to alter the way in which they respond to 

QMP, and as such could also be a tangential by-product of our mutagenesis and selection.  

 

The alteration in oviposition is, however, a potential issue. As we were only allowing a 24-

hour period for laying (discussed above), it is possible that the ratio of females to offspring 

they produce is not an accurate representation of their reproductive capacities. As such, we 

may have underestimated the fecundity of these lines. It is possible that they were capable of 

producing more offspring than our data shows. Despite this, the functional tests where ovaries 

were removed and mature oocytes counted, clearly still show a repression of reproduction in 

response to QMP.  

 

Overall, despite being disappointing, this lack of escape from QMP repression is highly 

informative. It suggests that the mechanism we are trying to investigate is in fact far more 

complex than we had initially anticipated. By mutating every gene in the genome, we should 

have disrupted many genes within whichever pathway(s) are responsible for the response to 

QMP. That we saw no evidence of this phenotype suggests that this is not a simple, linear 

response. It makes it unlikely that a single receptor is sensing QMP, activating a pathway and 

eliciting a response. Instead, it suggests what we are actually investigating are pathways which 

are vital for life, and/or that this is a highly redundant system involving many pathways.  

 

QMP has five different components, making it possible that all of them may act through 

different pathways. In doing a no-touch assay, Camiletti found that flies which have access to 

QMP in their environment, but a physical barrier to prevent touching, showed an intermediate 

repressive response when compared to those with unimpeded access (Camiletti et al., 2016). 

This suggests that some compounds may be sensed through olfaction, while others may be 

through closer contact systems- such as gustatory or other mechanisms- immediately indicating 

at least two sensory mechanisms being involved. Therefore, by disrupting the response to a 

single compound, we may observe no change in repression, as the other pathways are 

compensating. 
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The fact that neither HOB or HVA (two components of QMP) are sufficient to elicit a response 

on their own (Chapter 3 and 5 respectively) adds support to this idea of multiple pathways 

acting, likely synergistically. This is shown by D. melanogaster which are raised on HOB 

having an increased magnitude of response to QMP treatment later in life, but do not show a 

decrease in the number of mature oocytes when they are exposed to HOB alone (Chapter 3.6). 

As we were unable to select for a disruption in response to QMP, it supports the notion that 

there may be high levels of redundancy in this system, with five different components all acting, 

preventing the disruption of the phenotype. It is therefore possible that we did, in fact, disrupt 

some of these pathways, but the compensatory action of other pathways prevented that 

disruption from translating into an observable phenotype.  

 

That D. melanogaster respond to honeybee QMP at all is suggestive of ancestral pathways for 

responding reproductively to the environment being co-opted. Honeybee QMP has only been 

evolving for (approximately) the last 55 million years (Peters et al., 2017), yet despite this 

recent history is capable of acting in species up to ~560 million years diverged (Carlisle and 

Butler, 1956). This indicates that the pathways on which QMP acts are older than QMP itself. 

The wide phylogenetic span of conserved action also indicates that these pathways targeted are 

highly conserved, and as such, highly likely to regulate biological processes which are vital to 

the survival or fitness of the organism. In this case, the vital environmental signal we were 

aiming to disrupt is the ability to respond reproductively to a conserved signal regulating 

reproduction. Obviously, an inability to respond reproductively to changes in the environment 

would have drastic negative effects for a species. Disrupting this response, -as in this 

experiment- would likely incur a fitness cost so great that these individuals are either unable to 

survive, or at very least fail to thrive. This is likely why we were unable to select for the 

resistance to QMP, as it was not QMP resistance as such, but resistance to ancient 

environmental signals that regulate reproduction. The fitness cost associated with achieving 

this goal was likely so great that these individuals were unable to be maintained in our 

populations.  
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Chapter 5: Investigation of previously identified 

mechanisms of QMP action 
 
5.1 Introduction 
 
The honey bee Apis mellifera is a eusocial species, a key feature of which is the reproductive 

division of labour. The queen produces Queen Mandibular Pheromone, or QMP, which acts to 

repress worker reproduction (Winston et al., 1991). The action of QMP can be viewed as being 

comprised of three different components; the sensing of QMP, the transduction of that signal 

to the ovaries, and lastly, the ovarian response itself. However, if this environmental signal of 

QMP is lost, workers are able to sense this change, and one third of them will plastically 

activate their ovaries and lay eggs (de Groot and Voogd, 1954; Jay, 1968). This plastic 

activation provides the opportunity to study the action of QMP. This has long been an area of 

intense investigation (Beggs et al., 2007; Duncan et al., 2016; Ronai et al., 2015). This chapter 

aimed to investigate some of these known mechanisms from the literature, and determine 

whether these may be playing a role in the D. melanogaster response to QMP.  

 

5.1.1 Dopamine signalling 

 

A mechanism often described in the literature is dopamine signalling. The strongest evidence 

for this acting is in the initial sensing and signal transduction, however it is not unreasonable 

to assume that it may also play a role in the ovarian response also, perhaps through direct 

signalling, with dopamine receptors being present in honeybee ovaries (Vergoz et al., 2012). 

One of the five components of QMP, homovanillyl alcohol (HVA) is a structural mimic of 

dopamine (Beggs et al., 2007), to the extent that it binds the dopamine receptor (Beggs and 

Mercer, 2009). In worker honey bees changes in brain dopamine are associated with QMP 

exposure (Harris and Woodring, 1995), and if their diet is supplemented with dopamine 

workers are more likely to activate their ovaries (Dombroski et al., 2003). The role of dopamine 

may not be limited to the brain, as one study has suggested ovarian dopamine receptors may 

alter their expression with QMP status also (Vergoz et al., 2012). However, caution should be 

used when interpreting this study- due to small sample size and broad classification categories 

for ovary activation. The broad categories for activation are a potential issue as the data 

becomes an amalgamation of various different state of tissue activity- as such it can be difficult 

to determine the exact role of dopamine. There is evidence for dopamine playing a role in 
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reproduction in other species, as high brain dopamine has correlated with ovary activity in 

bumble bees (Bloch et al., 2000), ants (Boulay et al., 2001; Okada et al., 2015; Penick et al., 

2014; Shimoji et al., 2017) and primitively eusocial wasps (Sasaki et al., 2007, 2009). This 

wide range of social species that appear to be utilising dopamine to regulate reproduction would 

suggest that it is a likely candidate for regulation by QMP in worker honey bees. 

 

5.1.2 Notch cell signalling 

 

A third proposed mechanism is that of Notch cell signalling (Duncan et al., 2016). It was found 

that in the presence of QMP worker ovaries have the Notch intracellular domain (NICD) 

localised to the nuclei of cells in the germarium (the region responsible for oocyte 

specification), indicative of active Notch signalling. In the absence of QMP this Notch signal 

was lost (Duncan et al., 2016). Notch cell signalling is the only mechanism reported in 

honeybees with functional data. Duncan et al., showed that by blocking the activity of Notch 

using the drug DAPT, ovary activation occurs. This was observed even in the presence of QMP. 

The loss of Notch cell signalling in the absence of QMP corresponded with Numb being 

expressed in this region after the loss of QMP (Duncan et al., 2016), with Numb being able to 

interact with the NICD and deplete it (Mcgill et al., 2009). The germarium is a region which 

has previously been linked to fertility in honey bees (Tanaka and Hartfelder, 2004), and as such 

differential gene expression within this region is likely a key mechanism for this response.  

 

Notch cell signalling is a pleiotropic pathway, with conserved functions in the development of 

tissues and organs in a wide variety of animals (Guruharsha et al., 2012). It plays known roles 

in reproduction, including formation and maintenance of the germline stem cell niche in D. 

melanogaster (Song et al., 2007), polarizing the anterior-posterior of the oocyte (López-schier 

and Johnston, 2001) and defining follicle cell populations (Assa-kunik et al., 2007) to name a 

few. Adding to the likelihood of this having a role, is that it is known to be environmentally 

responsive. In D. melanogaster it has been shown to alter populations of cap cells, and thereby 

alter reproductive capacity, in response to nutritional cues (Bonfini et al., 2015). Overall, the 

evidence for Notch cell signalling playing a vital role in the worker ovarian response to QMP 

is strong. What remains unknown is how this signalling pathway became co-opted by QMP to 

play a role in sociality. One way to study this is by investigating the role Notch is playing in 

the response of other species to QMP, such as D. melanogaster. By determining the role it is 

playing in a highly diverged species, we can investigate how Notch cell signalling acts in a 
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system which has not been under selective pressure from QMP. This allows for investigation 

into the evolutionary history of the role of Notch cell signalling in response to QMP.  

 

One of the key aims of this work has been to identify the mechanisms through which QMP is 

acting in D. melanogaster. As the initial attempts to disrupt and subsequently identify pathways 

through mutagenesis did not provide any candidates to test (see Chapter 4), we decided to 

investigate those pathways already deemed likely to be of importance in A. mellifera.  

 
5.2 Results 
 
 
5.2.2 Dopamine signalling is not the key mechanism of QMP action in D. melanogaster 
 
 
5.2.1a HVA exposure is insufficient to replicate the repressive effects of QMP 
 
 
One possibility for a mechanism through which QMP is acting is through the use of HVA as a 

dopamine mimic. HVA exposure alone has been shown to reduce brain dopamine levels in 

young worker bees (Beggs et al., 2007), although whether this is sufficient to repress ovarian 

function is still unknown. In order to test the role HVA alone may have on the D. melanogaster 

response to QMP, newly emerged virgin females were exposed to 26 Qeq of HVA for 48 hours. 

After this exposure, their ovaries were dissected out, and the number of mature oocytes counted 

as a measure of their fecundity.  
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Fig 5.1 A box and whisker plot showing the number of mature oocytes produced per ovary 
when newly emerged virgin female D. melanogaster are exposed to 26 Qeq HVA (green) or 
26 Qeq QMP (pink) as a positive control for repression for a 48-hour period. Each treatment 
contains n= 100+ ovaries. Statistical significance was determined through a Kruskal-Wallis 
test with a Dunn’s post-hoc test, significance is seen in where p< 0.05.  
 

There was no difference observed in the number of mature oocytes between the solvent only 

control, and 26 Qeq of HVA (p= 0.69). The the positive control of 26 Qeq showed repression 

in comparison to the solvent control (p= 1.08x10-34), as well as the HVA (p= 3.29x10-33). This 

is indicative of no repression being induced by HVA alone (Fig. 5.1). 

 

5.2.1b Dietary manipulation of dopamine may interact with QMP signalling 

 

In order to further investigate the role dopamine might be playing in the action of QMP, a trial 

to directly manipulate the amount of dopamine the D. melanogaster were exposed to was 

carried out. This was through a feeding trial. To artificially increase the amount of dopamine 

(DA) D. melanogaster were exposed to three differing doses of dopamine in their diet. The 

doses used were; 0.1 mg/ml, 1 mg/ml and 10 mg/ml- the highest concentration having been 

previously used in larval studies (Neckameyer, 1996). To disrupt DA signalling, they were fed 

3-iodotyrosine (IT), which inhibits the synthesis of dopamine. This is by disrupting the action 

of tyrosine hydroxylase, the enzyme which catalyses L-DOPA formation from tyrosine 

(Nagatsu et al., 1964). This is expected to have the opposite effect to supplementing DA. IT 

was given at the same doses described for DA. The highest dose of IT had previously been 

shown to disrupting dopamine signalling, and led to 50 % decrease in the number of offspring 

produced (Neckameyer, 1996). In our study, they were both provided alone and in combination 

with a low dose (6.5 Qeq) of QMP testing the interaction between QMP and dopamine 

signalling. If either increasing or disrupting dopamine signalling results in a potentiation or 

mitigation of the effects of the minor QMP repression it would indicate that dopamine 

signalling is involved in the response to QMP in D. melanogaster.  
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Fig 5.2 A box and whisker plot showing the number of mature oocytes produced per ovary 
when newly emerged virgin female D. melanogaster have their dopamine (DA) signalling 
disrupted. This was through the addition of DA (blues) across a concentration gradient (10, 1 
or 0.1 mg/ml- dark-light), or their DA reduced by the inhibitor 3-iodotyrosine (IT) (reds) across 
a concentration gradient (10, 1 or 0.1 mg/ml- dark-light). DA and IT at all concentrations were 
also provided in combination with low dose QMP (6.5 Qeq) (greens and oranges respectively). 
The positive control for moderate and strong repression was QMP at doses of 6.5 Qeq or 26 
Qeq (yellows). Total exposure was for a 48-hour period. Each treatment contains n= 70+ 
ovaries. Statistical significance was determined through a Kruskal-Wallis test with a Dunn’s 
post-hoc test, significance is seen in where p< 0.05.  
 
 
The positive controls for this study were low dose (6.5 Qeq) and high dose (26 Qeq) QMP. 

Significant repression was observed for both of these in comparison to the control (p= 4.09x10-

5, p= 9.35x10-24 respectively). The higher dose of QMP also repressed ovaries to a greater 

extent than the low dose, as anticipated (p= 8.47x10-10).  

 

As a single treatment, the dietary addition of DA had no repressive effects on the ovary at doses 

of 1 mg/ml or 0.1 mg/ml (p= 0.88, p= 0.93 respectively). The high dose of 10 mg/ml DA did 
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however induce significant repression (p=1.2x10-4), to the same extent as the low dose (6.5 

Qeq) QMP (p= 0.93).  The low doses are consistent with the role dopamine plays in promoting 

oogenesis in D. melanogaster (Neckameyer, 1996), however the repressive effects of the high 

dose are unexpected. It is possible there are issues with toxicity and fitness costs at this high 

dose.   

 

Strikingly disrupting DA synthesis by exposure to IT had the same effect as providing 

additional DA. There was no repression observed with doses of 1 mg/ml and 0.1 mg/ml (p= 

0.079 and p= 0.73 respectively). Whereas repression was observed with exposure to 10 mg/ml 

IT (p= 3.04x10-7). This repression was also to the same extent as exposure to 6.5 Qeq QMP 

(p= 0.20). Therefore, surprisingly, the addition of DA, or disruption of DA with IT at doses of 

1 mg/ml or 0.1 mg/ml both had no effect on reproduction. High doses of DA or IT both 

repressed reproduction to the same extent as 6.5 Qeq QMP. There was no significant difference 

in repression between DA and IT exposure at 10 mg/ml (p= 0.18), 1 mg/ml (p= 0.10) or 0.1 

mg/ml (p= 0.81).  

 

To test whether increasing dopamine signalling with the addition of DA had an effect on QMP 

signalling, 6.5 Qeq QMP was provided with DA. A moderate dose of 6.5 Qeq QMP was used 

in order to induce some repression, allowing for the identification of interactions- whether they 

were to potentiate the repressive effects of QMP, or to mitigate them. At all doses of DA with 

6.5 Qeq QMP there was still significant repression observed when compared to the same dose 

of just DA (high to low doses p= 4.8x10-4, p= 1.43x10-6 and p= 0.007 respectively), meaning 

the action of QMP was not abolished. The repression induced by the combination of 6.5 Qeq 

QMP and DA did not differ from 6.5 Qeq QMP alone for DA at doses of 1 mg/ml (p= 0.36) 

and 0.1 mg/ml (p= 0.28), indicating no interaction. Greater repression than induced by 6.5 Qeq 

QMP alone was observed, however, when 10 mg/ml DA and 6.5 Qeq QMP were combined 

(p= 4.3x10-4), although not to the extent observed with 26 Qeq QMP (p= 0.01). This suggests 

that high dose (10 mg/ml) DA is able to potentiate the repressive effects of QMP, however it 

should be noted that this high dose alone induces repression in isolation.  

 

Whether inhibiting dopamine signalling with IT had an effect on the repressive action of 6.5 

Qeq QMP, IT at varying doses was provided with 6.5 Qeq QMP. In this case, 6.5 Qeq QMP 

combined with IT was still able to induce repression when compared to IT alone at doses of 10 

mg/ml (p= 7.6x10-4) and 1 mg/ml (p= 0.047). At 1 mg/ml IT and 6.5 Qeq QMP this repression 
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was no different to the repression observed with 6.5 Qeq QMP (p= 0.96) suggesting no 

interaction. At 10 mg/ml with 6.5 Qeq QMP the repression seen was greater than that for 6.5 

Qeq QMP alone (p= 5.26x10-7), this time to the extent observed by 26 Qeq QMP (p= 0.28). 

This would suggest 10 mg/ml has the ability to potentiate the repressive effects of QMP, 

however, once again a significant repressive effect is observed with 10 mg/ml IT alone.  

 

Interestingly, the repressive effects of QMP were abolished by the combination of 0.1 mg/ml 

IT and 6.5 Qeq QMP when compared to 0.1 mg/ml IT alone (p= 0.19). There were more mature 

oocytes per ovary with this combination than with 6.5 Qeq alone (p= 0.02), with there being 

no significant difference between 0.1 mg/ml IT combined with 6.5 Qeq QMP and the control 

(p= 0.08). This would imply that at 0.1 mg/ml IT is capable of abolishing the repressive effects 

of QMP, perhaps indicating a role for dopamine signalling in the action of QMP in D. 

melanogaster.  

 

In order to better visualise the relationship between DA and IT supplementation and 

interactions with QMP the data is also exhibited as a line plot (Fig. 5.3), with the average 

number of mature oocytes for each treatment at each dose shown, as well an intersection on 

the y-axis for the control, low dose and high dose QMP values. The overall trends of repression 

are also shown in Fig 5.5, where it is possible to see that with DA +/- QMP treatment (blues), 

the repression exhibited across the doses appears to roughly parallel, with the DA + QMP being 

shifted down on the – axis (number of mature oocytes). There is a clear distinction between the 

corresponding points (+/- QMP) at each dose, showing that there appears to be no loss of 

repression. Adding low doses of QMP has simply added repression consistently. The IT (reds) 

+/- QMP, however, does not exhibit this parallel trend. Instead, it can be observed that at the 

low IT dose (0.1 mg/ml), the +/- QMP averages come very close to converging- suggesting 

that the repressive effects of QMP have been mitigated (Fig. 5.3). The plot also appears to be 

converging at the 1 mg/ml dose, but this trend is not observed at the 10 mg/ml dose.  
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Figure 5.3 A line graph showing a simplified version of the response of the number of mature 
oocytes produced per ovary when newly emerged virgin female D. melanogaster have their 
dopamine (DA) signalling disrupted. This was through the addition of DA (blue with black 
dashed line) across a concentration gradient (10, 1 or 0.1 mg/ml- dark-light), or their DA 
reduced by the inhibitor 3-iodotyrosine (IT) (red with black dashed line) across a concentration 
gradient (10, 1 or 0.1 mg/ml- dark-light). DA and IT at all concentrations were also provided 
in combination with low dose QMP (6.5 Qeq). The positive control for moderate and strong 
repression was QMP at doses of 6.5 Qeq or 26 Qeq. Total exposure was for a 48-hour period. 
Each treatment contains n= 70+ ovaries. 
 

 
5.2.2 Notch cell signalling 
 
 
In order to investigate whether Notch cell signalling was involved in the D. melanogaster 

response to QMP, initially Notch temperature sensitive mutants were used. These lines carry a 

variant of Notch that is stable at 18 °C, but when heated to 29 °C the Notch protein degrades, 

disrupting normal Notch cell signalling (Bonfini et al., 2015). However, due to issues with 

incubators holding humidity we were unable to maintain these stably at 29 °C without their 

food drying out, causing starvation and death (data not shown). Also, further investigation 

suggested that the Notch protein may be stable over a larger time span than the 48 hours of 

QMP exposure. The changes in phenotype reported in other studies took 72 hours before 
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differences were observed (Bonfini et al., 2015). However trials were not carried out earlier 

than in the first 72 hours, therefore making it difficult to determine if an effect can be expected.  

 

Instead of attempting further manipulations, visualisation of active Notch cell signalling was 

used instead. RNA-seq analysis (see Chapter 6) had shown a key Notch responsive gene, 

Enhancer of Split m3- HLH (E(Spl)m3)(Wurmbach et al., 1999), exhibited a significant 

interaction with QMP treatment across time (using a likelihood ratio test). The count data for 

this gene showed counts that were approximately two times higher after exposure to QMP for 

24 or 48 hours (no difference at 12 hours), consistent with induction of Notch cell signalling 

by QMP treatment. In order to determine the expression dynamics of Notch signalling in 

response to QMP, at different stages of adult maturation, hybridisation chain reaction (HCR) 

was carried out for (E(Spl)m3). HCR is a method which uses a double primer system for the 

mRNA of the gene of interest, which then is bound by self-annealing fluorescent hairpins. This 

allows for the specific fluorescent identification of expressed genes within a tissue (Choi et al., 

2018). This was carried out on D. melanogaster ovaries that had been exposed to 26 Qeq QMP, 

or a control for 24 or 48 hours. The 48-hour group also included a starved control. These ovaries 

were also stained with DAPI, to allow for the visualisation of nuclei, and HTS, which is a stain 

for presumptive oocytes, and aids in the staging of oocyte development. The aim was to 

determine the region of expression for this E(Spl)m3 gene, and identify any changes in pattern 

that may be associated with treatment and time.  
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Figure 5.4 An image panel showing single ovarioles from D. melanogaster ovaries after 24 
hours exposure to QMP (B and D) or a control (A and C). Nuclei are stained in blue with DAPI, 
and HCR has been used to show the expression of HTS (a presumptive oocyte marker- shown 
in green) and E(Spl)m3-HLH (a Notch responsive gene- shown in red). An overlay of all three 
channels is shown in the top panel, with E(Spl)m3-HLH being shown in isolation in the bottom. 
Scale bars are 50 µm.   
 
 
Without the laser power for all of the imaging being kept consistent, it is not possible determine 

expression levels for these genes. HCR does have the capacity for quantification, this was not 

unfortunately utilised in this experiment- however it would be interesting to attempt in future. 

What was determined, was the expression patterns of E(Spl)m3-HLH. After 24 hours of 

exposure to either QMP or the control, E(spl)m3-HLH expression can be observed in the 

follicle cells of stage 8 oocytes in both treatments (Fig. 5.4). This appears brighter in the 

control- but without having kept the laser power the same, this cannot be determined. It was 

expected, however, that based on RNA-seq results, expression would be higher in QMP treated. 

There do appear to potentially be greater levels of expression in the germarium of the QMP 

treated D. melanogaster. In particular, this seems to localise to the posterior regions of the 

germarium. It is possible that the higher expression in QMP treated RNA-seq is due to an 

increased expression in the germarium relative to the controls. It is interesting to note that the 

germarium itself appears disorganised in response to QMP.  

 

Notch cell signalling 24 hours

24 hour Control 24 hour QMP

A B

C D



 127 

 
 

 
 
 
Figure 5.5 An image panel showing single ovarioles from D. melanogaster ovaries after 48 hours exposure to QMP (B and D) or a control (A 
and C). Nuclei are stained in blue with DAPI, and HCR has been used to show the expression of HTS (a presumptive oocyte marker- shown in 
green) and E(Spl)m3-HLH (a Notch responsive gene- shown in red). An overlay of all three channels is shown in the top panel, with E(Spl)m3-
HLH being shown in isolation in the bottom. Scale bars are 50 µm.   
 

 

48 hour Control 48 hour QMP 48 hour Starved

A B C

D E F



 128 

After 48 hours of exposure to QMP, there are similarities to the 24-hour exposure expression 

pattern (Fig. 5.6-7). The control treated ovaries still how E(Spl)m3-HLH expression in the 

follicle cells of stage 8 oocytes, as well as some expression in the posterior region of the 

germarium. The 48-hour QMP treated also shows this expression pattern- however it does 

appear to be brighter, particularly in the posterior germarium once again. Once again, in 

response to QMP the germarium appears disorganised. This is also seen in the starved group. 

It appears that there may be less hts positive cells (green spots) in this region. What is different, 

is the addition of an extra region of E(Spl)m3-HLH expression in the QMP treated- where it is 

also expressed in the follicle cells of stage 7 (Fig. 5.7 E). This added region is also observed in 

the starved group, suggesting the possibility of a starvation like response. This new region of 

localisation whilst maintaining the other regions may be indicative of alterations in 

functionality, and also may account for the higher expression observed in the RNA-seq data.  

 
 
5.3 Discussion 
 
 
This body of work aimed to investigate the known mechanisms from the literature through 

which QMP is acting to repress reproduction in worker honey bees, and whether these are also 

utilised in the D. melanogaster response to QMP. The first mechanism we investigated was 

that of dopamine signalling. As QMP is a complex blend of five semiochemicals (Slessor et 

al., 1988), there are a variety of different compounds which could be inducing repression- 

likely in a redundant or synergistic way (see Chapters 3 and 4). However, one of these 

components- homovanillyl alcohol (HVA) is a structural mimic of dopamine (Beggs et al., 

2007), to the extent that it can actually bind the dopamine receptor (Beggs and Mercer, 2009). 

In order to determine the extent to which this single compound may be influencing the 

reproductive response to QMP in D. melanogaster, they were exposed to HVA alone. This was 

at the dose which would be present in the amount of QMP known to induce significant 

repression (Fig 5.3). By comparing the repression induced by HVA alone, theoretically one 

could determine to what extent the repressive effect observed was due to dopamine signalling. 

However, we found that there was no repression induced by HVA alone (Fig. 5.3) at the high 

dose of 26 Qeq. HVA exposure in worker bees has been known to decrease brain dopamine 

levels (Beggs et al., 2007), although whether this represses ovary activity is still unknown. This 

finding in D. melanogaster would suggest that HVA may not modulate reproductive activity 

in worker bees. It is also possible that either dopamine is not involved in the response to QMP- 
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which is unlikely, given that this compound has been evolved by queen bees, and therefore 

likely has been maintained as it serves some purpose. It is therefore possible that HVA may 

only be functional when in the presence of other QMP components.  However, the purpose of 

HVA could also not be in repressing reproduction, instead it may be involved in retinue 

attraction. Regardless, it serving no purpose would simply be an inefficient use of energy, and 

as such would may have a negative fitness costs which would be selected against. The second 

option is that HVA acts synergistically with the other components of QMP, perhaps like HOB 

is (see Chapter 3). Adding 26 Qeq HVA to a low and high dose of QMP would be a simple 

way to test for synergy. If the repressive effects of the low dose are potentiated than it would 

suggest that HVA requires the other components of QMP for its action. The high dose may be 

informative- however it is also possible that there is not much capacity for further repression, 

therefore this may be less useful. Overall, however, it appears that HVA is not capable of 

inducing repression in D. melanogaster when provided alone.  

 

As HVA alone was insufficient to induce any repression in D. melanogaster ovaries, we 

therefore investigated dopamine signalling itself by dietary manipulation. This was through 

supplementing the D. melanogaster diet with dopamine (DA) or 3-iodotyrosine (IT), which 

inhibits the synthesis of DA. This is by disrupting the action of tyrosine hydroxylase, the 

enzyme which catalyses L-DOPA formation from tyrosine (Nagatsu et al., 1964). We carried 

this out at three different doses, ranging from high to low (10, 1, 0.1 mg/ml). By adding DA, 

theoretically increasing the amount of DA within their system, we found that no repression was 

induced at the low or medium doses. The high dose, however, induced repression (Fig. 5.4). 

This would suggest that DA at high doses is capable of repressing reproduction in D. 

melanogaster. This is surprising, given that dopamine promotes oogenesis in other D. 

melanogaster species (Lavista-Llanos et al., 2014), however this is at a far lower dose than the 

one which inhibited reproduction in our study. It is possible that the high dose here was instead 

toxic.  

 

One would therefore expect that if adding DA to a biological system increased reproductive 

repression, then disrupting DA signalling with an inhibitor would have the opposite effect- i.e. 

there would be an increase in reproduction. However, this was not what we found. The same 

trend was found whether DA or IT was provided to D. melanogaster. This would indicate that 

the disruption of natural dopamine signalling with DA or IT at low or medium doses has no 

effect. The high doses for both DA and IT induced repression- however the biological relevance 
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of this dose could be questioned. If one assumes a 1:1 efficacy of DA and HVA by weight, 

then the high dose of DA or IT is the equivalent of 2,500 Qeq of HVA, or HVA inhibition. It 

is therefore very possible that the repression induced is simply through the presumably very 

large disruption to dopamine signalling, whether it be added DA or inhibited DA production. 

Providing similarly high doses of HVA and comparing the effects it has on reproduction could 

help shed light on this.  

 

In order to test whether there was an interaction between dopamine signalling and the 

repression induced by QMP, the same doses of DA and IT were provided with a low dose of 

QMP (6.5 Qeq). This was designed to induce a small amount of repression, whilst allowing for 

further repression if DA or IT potentiate the effects. If the opposite occurs, and they mitigate 

the effects, then the minor repression induced should disappear. What was found was that the 

QMP induced repression when coupled with low or medium doses of DA (Fig. 5.4), however 

this did not differ from the repression induced by QMP alone. This could indicate two things. 

Firstly, that DA at these doses does not potentiate or disrupt the effects of QMP. It also indicates 

that there may not be a synergistic interaction between DA and QMP- suggesting they act 

through differing pathways. The high dose of DA induced repression on its own, and QMP 

further added to this repression. It is possible that this is potentiation of the repressive effects 

of QMP, however this is unlikely. There was already repression observed before QMP was 

added, and the DA is provided at such a high dose that the biological relevance of this is once 

again called into question. Overall, it would therefore appear that DA at low and medium doses 

has no effect on the action of QMP, with the meaning of the effect at high doses of DA being 

yet to be determined. It is possible that the repressive effect of high doses of DA is due to 

toxicity. One way to investigate this would be to monitor lifespan while exposed to these doses- 

as toxicity is likely to reduce this.  

 

As additional DA does not appear to have had a clear effect on the response to QMP, one could 

assume that disrupting DA signalling through the use of IT would have no clear effect also. 

This was the case for the medium dose- where the repressive effects of QMP did not differ 

regardless of the presence or absence of IT (Fig. 5.4). The high dose is once again ambiguous, 

with the repression observed being greater than that of just QMP alone, however the high dose 

induced repression on its own- making the interpretation of this result difficult. The clearest 

result from this trial, however, was observed with the low dose of IT when combined with 

QMP. The repressive effects of QMP were mitigated, to the extent that there was no difference 
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between 0.1 mg/ml IT + or - QMP (Fig. 5.4). This would suggest that disrupting DA signalling 

is sufficient to prevent the repressive action of QMP. As to why this low dose was the only one 

to show this effect, it is possible that it is due to the biological relevance of the doses once 

again. Assuming 1:1 effectiveness per weight of IT and HVA, then the dose given is 25 Qeq. 

This may indicate that a fine balance in sensitivity within this sensory system, and that the 

higher doses given in this study were effectively so far above the sensitised thresholds as to 

‘swamp’ this signalling pathway- effectively disrupting reproduction. The low dose, however, 

which is theoretically equivalent to the doses used for the QMP study does disrupt this response. 

If QMP is acting as a dopamine mimic, then we may have effectively dosed with the same 

amount of inhibitor, and negated the repressive effects. However, the lack of response with 

HVA alone would confound this theory. It would be interesting to quantify the biogenic amines 

present in D. melanogaster when they are exposed to QMP, using High Performance Liquid 

Chromatography (HPLC). For instance, determining the amount of dopamine present in the 

brain, haemolymph and ovaries of D. melanogaster that were exposed to QMP across a time 

course, and compared to a control would give an indication of trends associated with this 

response. It could also prove useful for informing work repeating this DA or IT exposure 

experiment with lower, more potentially biologically relevant doses.  

 

The last known mechanism which we investigated was that of Notch cell signalling.  

Expression patterns were generated for the Notch responsive gene E(Spl)m3-HLH after 24 or 

48 hours of QMP exposure. This gene was highlighted as being of interest after lrt analysis of 

our RNA-seq data, where it was shown to be upregulated in response to QMP (Chapter 6). 

Upon investigating the localisation of this gene with HCR, it was discovered that it was acting 

late in the germarium of D. melanogaster. The way we had carried out our imaging meant that 

quantification was not possible. However, it did appear that the expression was brighter in the 

germarium of those individuals exposed to QMP. The germarium is in the region in which the 

germline stem cells reside, and presumptive oocytes are specified. What was interesting to see 

was that in response to both QMP and starvation there appeared to be a decrease in the number 

of presumptive oocytes (hts spots stained green within the germarium). This could be indicative 

of QMP disrupting the production of oocytes, or alternatively by activating a checkpoint within 

the germarium. Further work into could be carried out to investigate this by increasing the 

sample size, and generating a large dataset of counts of hts spots within the germarium under 

different conditions.  
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 Notch cell signalling is known to play a role in germline stem cell niche maintenance and 

responsiveness environmental dietary signals (Bonfini et al., 2015). Specifically, in response 

to diet, Notch acts in two ways; where it prevents the loss of cap cells (GSCs are anchored to 

cap cells, and require their presence to retain their characteristics), and also in escort cells to 

lead to an expansion of the niche (Bonfini et al., 2015). This expression in the germarium is 

consistent with that observed in worker honeybees, where in the presence of QMP there is 

active Notch signalling in the germarium (Duncan et al., 2016). However, when QMP is lost, 

Notch cell signalling is lost also.  This trend does not appear in our data, and may either mean 

that Notch is acting in different ways in these highly diverged systems’ responses to QMP, or 

alternatively that this is simply a reflection of the underlying ovarian biology of the D. 

melanogaster, and is not related to QMP response. Although we did not investigate the Notch 

protein itself, simply E(Spl)m3-HLH as a readout of Notch activity. What it may relate to, is 

the activity of the ovarian checkpoint activated in the germarium (see Chapter 7) in response 

to QMP. Further investigation into whether this checkpoints activity regulated in some way by 

expression levels of Notch, or even Notch regulators- such as Numb (which degrades Notch), 

could provide more insight into this system.  

 

The germarium was not the only location in which E(Spl)m3-HLH signalling was observed. It 

was also seen in the follicle cells at stage 7 of oogenesis. This is consistent with the known 

biology of this system, whereby the activation of Notch at stage 7 induces a switch from mitotic 

divisions to endocycle (Poulton et al., 2011). This is required for the normal provisioning and 

maturation of the developing egg. The expression of E(Spl)m3-HLH under both treatment 

types would suggest that there is no difference (or an unquantified difference) in the level of 

Notch signalling in stage 7 follicle cells in response to QMP. The difference arose, however, 

when after 48 hours of QMP exposure E(Spl)m3-HLH appeared in the follicle cells of earlier 

stages (stage 6). Under starvation conditions there can be a pausing of the mitotic to endocycle 

switch, which occurs at stage 6. In this time period, Notch signalling remains active in the stage 

6 oocyte (Jouandin et al., 2014). This is regulated by the expression of FoxO and CUT, both 

of which reduce expression upon refeeding, and allow the transition to endocycle to proceed 

(Jouandin et al., 2014) . It is possible that if QMP is mimicking starvation pathways, perhaps 

the alterations in Notch responsive genes is related to this pausing of the transition. This is a 

possibility supported by the starved ovaries also showing this stage 6 staining also. However, 

staining with FoxO and CUT would provide useful insight into this, and help in the 

investigation into the role that Notch cell signalling may be playing in the D. melanogaster 
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response to QMP. Regardless, it does not appear to be the clear phenotype observed in worker 

honeybees, where Notch signalling is lost as ovary activity increases.  

 

The attempt to investigate the known mechanisms of QMP action from honeybee work did not 

yield any singular standout pathway of action. We have shown that HVA, the dopamine mimic 

within QMP is insufficient to induce ovarian repression in D. melanogaster. Dopamine may 

still be playing a role, as the disruption of dopamine signalling with a low dose inhibitor was 

capable of abolishing the repressive phenotype of QMP, providing avenues for further research 

into the role dopamine signalling may be playing. Lastly, Notch cell signalling overlaps in its 

regions of expression in the germarium, however in D. melanogaster it is not the clear on/off 

switch appears to be in worker honeybees. It seems that activity later in the oocyte maturation 

process, perhaps associated with the mitotic to endocycle pausing associated with restricted 

nutrition is an avenue worth further instigation.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 134 

 
 



 135 

Chapter 6: Using RNA-sequencing to identify mechanisms 

underpinning QMP responsiveness in D. melanogaster 
 
6.1 Introduction 
 
 

My previous attempts to investigate all three of these aspects of QMP activity (i.e. how is 

sensed, how the signal is sent to the ovary and how the ovary is repressed) in one study through 

mutagenesis coupled with selection (see Chapter 4) yielded interesting results. It suggested that 

QMP sensing is likely highly redundant, and that multiple mechanisms may be acting in this 

process. It also indicated that the mechanisms themselves are likely vital for life, or at least 

have high fitness costs when mutated- preventing the maintenance of mutants within the 

population. Despite this being informative in regards to the features we might expect from 

these mechanisms, it did not aid in the identification of the mechanisms themselves. Therefore, 

a less all-encompassing approach was decided upon, in the form of RNA-sequencing.  

 

RNA-sequencing allows for the identification of all gene transcripts being expressed within a 

sample. By comparing different states and lengths of exposure to a stimulus, it is possible to 

see which genes alter their expression over time, as well as whether they are up or down 

regulated (Wang et al., 2009). This technology has already been proven to yield successful 

results in previous studies, where this technique allowed for the identification of Notch cell 

signalling as a proximate mechanism underpinning the worker honey bee ovarian response to 

QMP (Duncan et al., submitted). From this study, other pathways of interest were also 

identified, as they were able to identify over 3,500 genes which changed their expression 

patterns in response to the presence or absence of QMP, as well as chromatin modifications. 

In particular this allowed for the identification of Notch cell signalling as the proximate 

mechanism by which QMP was acting in worker honeybee ovaries (Duncan et al., 2016). In 

light of the success of this work, it was determined that using RNA-seq on Drosophila 

melanogaster ovaries may yield equally successful results.  

 

One of the main limiting factors to consider with RNA-seq is specificity. If a tissue sample is 

used that contains many different cell types, then the data produced will be a noisy 

amalgamation of all these different cells (Amaral et al., 2014). The largest population within 

the sample will dominate, and any subtle signals, or those from less prolific cell types may be 
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lost in the noise. In order to avoid these issues cell-sorting may be utilised before sequencing 

(Mack et al., 2007). In systems where specific cell types are of particular interest this approach 

makes more sense. However, our lack of knowledge of which regions, let alone cell types, of 

the ovary are of interest in D. melanogaster has meant that cell sorting is not a viable or sensible 

option in this case.  

 

Mature oocytes constitute the largest portion of D. melanogaster ovaries. Therefore, the 

majority of the signal likely to be found from looking at whole ovaries is the gene expression 

changes associated with a mature oocyte. In order to limit the effect of the issue of 

disproportionate contribution of the mature oocyte to the overall RNA population, the mature 

oocytes were removed from D. melanogaster ovaries, and the remaining anterior portion was 

sequenced. This was to help prevent any signals from other regions of the ovary being swamped 

if they are not removed. Added to this, those genes which would be over represented are also 

likely to be genes that are maternally provisioned in the mature oocyte, to drive early 

development of the offspring before the maternal to zygotic transition (MZT) (Hamm and 

Harrison, 2018). This is not the biological process of interest in this study. It also links into the 

second reason for ablating the mature oocytes- namely that these mature oocytes are the end 

product of oogenesis. The D. melanogaster ovariole can be viewed as being similar to a 

production line, along which oocytes are specified and mature. Any changes in oogenesis or 

oocyte maturation are going to occur prior to the mature oocyte being made- with these being 

the processes which are likely to alter the fecundity of an individual. We have used mature 

oocytes as the marker of changes in earlier processes of oocyte development, as their number 

varies drastically across time and treatment. Therefore, the processes and stages of 

development which QMP is acting on are those that precede the production of mature oocytes 

(see Chapter 7). As such, there is nothing to be gained by investigating these mature oocytes 

themselves, rather the key changes are likely to be occurring in earlier regions within the ovary. 

So, in order to investigate the perhaps subtler changes in the smaller anterior portion of the 

ovary (see Chapter 7), and to avoid accidentally investigating changes associated with maternal 

provisioning, mature oocytes were removed before the anterior region was sequenced.  

 

This RNA-seq study aimed to investigate and identify changes in gene expression within the 

anterior region of the D. melanogaster ovary in response to honey bee QMP. In order to do so, 

ovaries were collected from age-matched virgin female D. melanogaster which had been 

exposed to QMP for 12, 24, 48 or 120 hours. These samples were also compared to a solvent 
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control which had been exposed to ethanol for exactly the same time period, in order to discern 

the effects of QMP, as well as age-related changes. The 12-hour time point was chosen as it 

precedes any changes in mature oocyte production (Chapter 3, Fig 3.3). In this way, it is 

possible to investigate gene expression changes which occur prior to phenotypic changes. The 

24-hour time point is the first point at which a statistically significant change in mature oocyte 

number was observed and 48 hours is the most well characterised time point in this work 

(Chapter 3).  

 

In this RNA-seq experiment, we were interested in not only the changes in gene expression 

associated with the repression of reproduction in response to QMP, but also the changes when 

the repressive signal is removed, and D. melanogaster plastically activate their ovaries 

(Chapter 3, Fig 3.4). This is an area that is potentially very interesting. The time course allows 

for investigation of genes associated with repression of an ovary, but this plastic recovery 

allows us to ask the question of whether the same mechanisms are involved in activation, or 

whether there is an entirely different system for this.  It also may aid in our understanding of 

honeybees. Worker A. mellifera also exhibit plasticity in the absence of QMP. Thus, 

investigating the mechanisms present in D. melanogaster under the same conditions may help 

inform future honeybee work.  To investigate this, the 120-hour time point was chosen. This 

contained three groups- the control, the QMP exposed, and the plastically recovered. The 

control and QMP exposed were consistently exposed to these stimuli, whereas the plastic 

recovery group were repressed by QMP for 48 hours, prior to being given a control treatment 

for 72 hours. This RNA-seq experiment therefore encompasses two studies- a time course of 

QMP repression, as well as a plastic activation study.  

 
6.2 Results 
 
6.2.1 Initial RNA-seq analysis 
 

The first round of RNA sequencing for this project included the samples described above, 

carried out on pooled samples. Each pool consisted of the anterior potions of ovaries from two 

vials worth of individuals (10 per vial). Each treatment sample was sequenced in duplicate. A 

second round of sequencing was carried out the next year to add a further two replicates for 

samples of particular biological interest. These were for the 12-hour control and QMP, in order 

to investigate key mechanisms acting before the establishment of an ovarian phenotype. The 
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other group with added samples were the 120-hour group, with the control, QMP and plastic 

recovery samples. 

 

The RNA itself had produced clear, distinct bands after gel electrophoresis, and appeared to be 

undegraded. Samples were analysed with a bioanalyzer before sequencing, and were all of 

sufficient quality to continue (see Appendix 1). After the data from this run was returned a 

principal component analysis (prcomp) was carried out using centred scaled transformed 

counts in order to visualise the grouping of the data (Fig. 6.1) (for data on read mapping see 

Appendix 2). Differential gene expression was determined using a Wald test in R Studio, to 

allow for paired comparisons, with the design comparing the treatment and time, allowing for 

the batch effects of the two RNA-seq runs to not bias the results. 

 

 

 
Figure 6.1 Principal component analysis for RNA-seq samples, including the samples which 
had been re-run. Bright green= 12 hour control, turquoise= 12 hour QMP, blue= 24 hour control, 
purple= 24 hour QMP, purple/pink= 48 hour control, pink= 48 hour QMP, red= 120 hour 
control, orange= 120 hour QMP, khaki green= 120 hour QMP removed/plastic recovery.   
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6.2.2 Differential gene expression for the time course of response to QMP 

 

Differentially expressed genes were filtered based on the arbitrary cut-offs of an alpha value 

of 0.1 (a test of significance- where 0.1 indicates a 10 % chance of rejecting the null hypothesis 

when it is correct), and a log fold change of greater than 1.5. When the control and QMP treated 

time points of 12, 24, 48 and 120 hours were compared, it was clear that there were relatively 

few differentially expressed genes between QMP exposed ovaries and solvent controls. The 

number ranged from 0 – 27 differentially expressed genes (DEGs) depending on the sample 

(see Tables 6.1-5). Across all six comparisons (pairwise of each time point as well as the plastic 

recovery at 120 hours), there were only 58 DEGs. Because of the relatively small number of 

DEGs overall, and in each comparison, it made analysis of this data difficult. It meant that 

traditional analysis such as gene ontology (GO) or KEGG pathway analysis was impossible, 

as the number of genes was too small for meaningful analysis. Therefore, an investigation of 

the literature using flybase (https://flybase.org), flymine (http://www.flymine.org) and uniprot 

(https://www.uniprot.org) was carried out. This involved researching the function of every 

gene individually using the data available on the above sites, and the published literature. The 

results are described in Tables 6.1 - 6.5.  

 

The purpose of analysing the 12-hour sample was to investigate genes which were changing 

expression prior to the number of mature oocytes being produced changing (see Chapter 3 Fig. 

3.3). This would theoretically allow for the identification of pathways altering their expression 

prior to phenotypic changes. These would therefore the causative or upstream mechanisms vital 

for this response. However, after analysis was carried out there were no differentially expressed 

genes at this time point. This was initially surprising. It is, however, highly informative. There 

are two possibilities for the lack of DEGs at this time point. The first is that for some reason 

we were unable to detect the response to QMP, perhaps due to an issue such as swamping of a 

specific cell type of interest. Single cell RNA-seq could perhaps be implemented to address 

this issue. Alternatively, it would suggest the action of QMP is not occurring in the ovary within 

the first 12 hours of exposure. QMP may not be acting within this time period- or it may be 

acting upstream in a tissue not yet identified or studied.  

 

The 24-hour time point was chosen as the first time point at which a statistically significant 

difference in the number of mature oocytes was identified. This phenotypic difference was 

reflected in there being 17 DEGs for this time point (Table 6.1). Of the DEGs, only two of 
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these were downregulated. These are genes of unknown function. The remaining 15 genes were 

all upregulated in response to QMP. A third of these genes also have unknown functions, 

including CG13492, which showed the highest fold change (16-fold).  

 

Genes that were upregulated after 24 hours of QMP exposure were associated with various 

functions. Of interest were those of; immunity, oxidative stress, signalling pathways, 

transmembrane transport (voltage-gated calcium channel activity and jap junction components). 

These are suggestive of an active process of repression, where changes in energy and 

metabolism may be key, as well as specific signalling systems. Potential pathways which may 

be involved in this response included Notch cell signalling through the upregulation of 

CG14275, a gene with unknown function which responsive to Notch. CG1124 has no known 

function, however it is potentially responsive to juvenile hormone (JH), based on structural 

similarity to juvenile hormone binding protein (https://www.uniprot.org/uniprot/Q9VN73). 

The final overarching group of interest was that associated with nutrition. Of the DEGs, 4 of 

them had a role (or potential) role that is associated with this. Ca-alpha1D and Ca-Ma2d both 

have possible roles in insulin signalling, shakB mutants have an increased threshold for sucrose 

detection, and rgn functions in carbohydrate binding.  

 

After 48 hours of QMP exposure there were 21 DEGS. Once again, there was a subset of the 

DEGs (28 %) which have no known function. Of these, 12 (57 %) were downregulated in 

response to QMP exposure (Table 6.2). Of those downregulated genes we do have a function 

for, many were easy to interpret, as they have roles in reproduction- often as components of 

the vitelline membrane or chorion. With fewer mature oocytes being produced, downregulation 

of these genes is perhaps not unexpected. Once again there was altered expression of genes 

associated with immunity, signalling pathways, transmembrane transport and oxidative stress 

(Table 6.2) CG14275 was once again upregulated, suggesting that Notch cell signalling may 

be acting also at this timepoint. A gene of particular interest was Vmat, a monoamine 

transporter, which has a role in dopamine signalling (see Chapter 5). This was upregulated after 

48 hours of QMP exposure. There was less evidence of nutrition associated changes at this 

time point, with CG16926 showing decreased expression- which has been associated with 

starvation, and Yp3 which has a role in lipid metabolism.  

 

After 120 hours of QMP exposure there were 18 DEGs (Table 6.3). Of these two (11 %), were 

downregulated in response to QMP; Cp16 is a component of the chorion- having a role in 
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reproduction, and the other is Obp99b, known to be responsive to pheromones, nutritional 

status and juvenile hormone (Carney, 2007; Swarup et al., 2013; Yamamoto et al., 2013). As 

with other time points, there were DEGs of unknown function (16 %). Once again there was 

differential expression of genes associated with signalling and transport and oxidative stress. 

There were, however, no DEGS associated with immunity which had been seen at the earlier 

two timepoints. There were genes associated with regulating gene expression- Smyd4-2 and 

tsh, a category which had not been observed earlier. There was again a suggestion for a role of 

JH at this stage, with Obp99b a JH responsive gene being downregulated. As well as the altered 

expression of Cyp6d2, which has a potential role in the metabolism of insect hormones, and is 

responsive to JH analogues (McDonnell, 2010). Once again, there is the possible suggestion 

for a role of nutrition signalling. This was due to the change in expression of Obp99b, which 

is sensitive to nutritive state.  

 

As mentioned previously, gene ontology (GO) analysis was not possible with this pairwise 

analysis. In order to visualise the spread of genes based on category, genes were classified into 

the broad categories of; Immunity, Mitochondria and energy production, Transmembrane 

transport, Signalling pathways, Protein processes, Reproduction, Gene regulation, Chromatin, 

Cell cycle, Metabolism and nutrition, Development, Cell Structure, Redox, Unknown and 

Other. Some genes fell into more than one functional category, such as Pxn, classified as redox 

(response to oxidative stress) and immunity (phagocytosis). This meant that despite there being 

17 DEGs at 24 hours, they were attributed to these broad functional categories 32 times 

(approximately 1.9 times per gene). For 48 hours there were 21 DEGs in functional categories 

32 times (approximately 1.5 functions per gene), and the 120-hour time point had 18 DEGs in 

functional categories 30 times (approximately 1.7 times per gene). What this way of viewing 

the data allowed for was the comparison of percentages of genes which fell into each category 

across this time course of response to QMP (Fig. 6.2).  

 

What this showed was that after 24 hours of QMP exposure, the most common categories for 

DEGs were signalling pathways (25 %), Unknown (21.9 %), Metabolism and nutrition (12.5 %) 

and Transmembrane transport (12.5 %) (Fig.6.2). These categories showed the highest 

percentage of change in 24 hours compared to any other time point. The 48-hour time point 

showed the most differential expression associated with Reproduction (18.8 %), Unknown 

(18.8 %) and Immunity (12.5 %) (Fig. 6.2). DEGs of unknown function are particularly 

prevalent within the 24 and 48-hour groups when compared to the later 120-hour time point. 
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The immune response, however, seems to particularly prevalent in the 48-hour response, as 

does changes in gene expression associated with reproduction. The 120-hour time point has 

only one functional category making up more than 10 % of the DEGs (signalling pathways- 

13.3 %), unlike the earlier points which showed a greater skew towards particular categories. 

Compared to the earlier points, 120-hours shows a higher proportion of DEGs associated with 

Mitochondria and energy production, Protein processes, Redox and Other (Fig. 6.2). 

Interestingly, two functions which were not seen as being involved in earlier functions were 

represented in this later time point- those of Gene regulation and Chromatin.  

 

 
Figure 6.2 A chart showing the results of the pairwise analysis of differential gene expression 
in the D. melanogaster ovary after 24, 48 and 120-hours of exposure to QMP. Genes identified 
were categorised into the broad functions listed in the chart, with the proportion of the genes 
which fell into each category shown numerically as a percentage. This was done by manually 
examining the literature.  
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Note: Gene names shown in bold are differentially expressed in more than one treatment group or time point. 
 
 
 
 

 

 

Table 6.1 24 hour QMP vs Control

FBgn identifier Gene name log2 fold change Adjusted p value Function
FBgn0034662 CG13492 16.3561393 0.0269356 Unknown function 

FBgn0050197 CG30197 2.60932321 0.0815976 Unknown function, possible peptidase inhibitor

FBgn0011828 Pxn 2.43078512 0.0719672 Response to oxidative stress, phagocytosis

FBgn0003137 Ppn 2.26489172 0.08204539 Essential extracellular matrix component that influences cell rearrangements

FBgn0259740 CG42394 2.15340873 0.05942497 Unknown function

FBgn0039232 sosie 2.10987862 0.05942497 Germarium-derived egg chamber formation

FBgn0001991 Ca-alpha1D 2.1033293 0.0269356 Voltage-gated calcium channel activity, possible role in regulating insulin secretion

FBgn0085387 shakB 2.0460586 0.05942497 Structural component of jap junctions, mutants have increased threshold for sucrose detection

FBgn0000014 abd-A 2.00629114 0.05942497 Anterior/posterior pattern specification

FBgn0259736 CG42390 1.85832367 0.0815976 Unknown function

FBgn0264894 CG44085 1.85450526 0.0269356 MAP-kinase scaffold activity

FBgn0032022 CG14275 1.78049011 0.0815976 Unknown function, Notch signalling responsive

FBgn0261999 Ca-Ma2d 1.73243693 0.0815976 Voltage-gated calcium channel activity, possible role in regulating insulin secretion

FBgn0263980 Stacl 1.62294443 0.0815976 Positive regulation of cell size, positive regulation of voltage-gated calcium channel activity

FBgn0261258 rgn 1.16192588 0.0815976 Carbohydrate binding, tissue regeneration, possible role in immunity

FBgn0037290 CG1124 -5.6258623 0.0719672 Unknown function, potential juvenile hormone (JH) binding domain

FBgn0266175 pre-mod(mdg4)-P -21.232648 0.0269356 Unknown function 
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Table 6.2 48 hour QMP vs Control
FBgn identifier Gene name log2 fold change Adjusted p value Function
FBgn0030775 CG9673 17.83572378 1.75E-06 Proteolysis, upregulated in response to infection
FBgn0034662 CG13492 16.40823461 0.050307056 Unknown function
FBgn0037577 CG7443 6.708731593 0.074166428 Unknown function
FBgn0260964 Vmat 4.627876856 0.085745205 Monoamine transmembrane transport activity, dopamine transport
FBgn0011828 Pxn 2.443075849 0.076267766 Response to oxidative stress, phagocytosis
FBgn0010424 TpnC73F 2.172205003 0.08611216 Calcium-mediated signalling
FBgn0045980 niki 1.830503693 0.085745205 ATP binding, protein phosphorylation
FBgn0032022 CG14275 1.730718002 0.086568655 Unknown function, Notch signalling responsive
FBgn0004047 Yp3 -2.966212581 0.076267766 Embryo development, lipid catabolic process, response to bacterium
FBgn0284237 CG46321 -3.542950197 0.074166428 Unknown function
FBgn0003983 Vm34Ca -4.031924674 0.074166428 Vitelline membrane formation 
FBgn0036262 CG6910 -4.732198732 0.086568655 Inositol catabolic process, oxidation-reduction process
FBgn0000427 dec-1 -5.036163117 0.074166428 Chorion-containing eggshell formation
FBgn0029966 lr7c -5.110586942 0.093616864 ionotropic glutamate receptor activity, detection of chemical stimulus
FBgn0000592 Est-6 -5.966805695 0.074166428 Reproduction, regulation of oviposition
FBgn0040732 CG16926 -6.275625528 0.086568655 Unknown, mutants have altered immunity, decreased expression under starvation conditions
FBgn0000644 Fcp3C -6.321514854 0.074166428 Vitelline membrane formation 
FBgn0086266 Vm26Ac -6.474518725 0.074166428 Vitelline membrane formation involved in chorion-containing eggshell formation
FBgn0036938 CG14187 -7.428116765 0.08611216 Chorion-containing eggshell formation
FBgn0264696 CG43965 -8.131510399 0.08611216 Unknown function
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Table 6.3 120-hour QMP vs Control
FBgn identifier Gene name log2 fold change Adjusted p value Function
FBgn0032533 CG16888 6.75549627 0.013630479 Unknown function
FBgn0042179 Ugt305A1 2.860675835 0.017686265 Transferase activity
FBgn0011828 Pxn 2.298259693 0.012516391 Response to oxidative stress, phagocytosis
FBgn0003137 Ppn 2.057600092 0.001030717 Essential extracellular matrix component that influences cell rearrangements
FBgn0034612 CG10505 2.056169892 1.61E-07 ATPase-coupled transmembrane transported activity
FBgn0030716 CG9170 1.943950616 0.012516391 Unknown function
FBgn0010651 MFS14 1.840099528 0.013630479 Response to hypoxia, transmembrane transport
FBgn0039585 CG1894 1.712510848 0.031728729 Histone acetyltransferase activity, regulation of transcription
FBgn0036282 Smyd4-2 1.634653424 0.081007685 Histone deacetylase binding, negative regulation of gene expression
FBgn0031032 CG14204 1.626264457 0.023395922 Transferase activity
FBgn0029750 CG3323 1.592257263 0.001238813 Unknown function
FBgn0030230 Rph 1.414636668 0.000812639 Neurotransmitter secretion, intracellular protein transport
FBgn0036544 sff 1.397233633 6.41E-05 Protein phosphorylation, intracellular signal transduction
FBgn0063491 GstE9 1.39499858 0.023395922 Glutathione metabolism, potential thioredoxin activity
FBgn0034756 Cyp6d2 1.268846132 0.046791798 Oxidation-reduction process, possible role in metabolism of insect hormones
FBgn0003866 tsh 1.142380416 0.046791798 Determines segment identity in embryogenesis, regulation of transcription
FBgn0000356 Cp16 -5.973374302 0.011894061 Component of chorion
FBgn0039685 Obp99b -6.385806728 0.011894061 Response to pheromone, responsive to nutritive state, responsive to JH



 146 

6.2.3 Differential gene expression for the plastic recovery from repression by QMP 

 

This study aimed to investigate the mechanisms that underlie not only the repression of 

reproduction in D. melanogaster in response to QMP, but also the pathways associated with 

plastic recovery (Chapter 3). To do so ovaries underwent RNA-seq after exposure to either 

QMP, a control (both 120 hours), or 48 hours of QMP, followed by 72 hours of control (120 

hours total). There were fewer DEGs when the plastic recovery was compared to either QMP 

exposed or to the controls (7 and 3 DEGs respectively) (Tables 6.4 and 6.5) than when QMP 

was compared to the control for 120 hours (18 DEGs). Perhaps indicating this was an 

intermediate between these two states, however the majority of DEGs did not overlap between 

these comparisons. 

 

When the QMP and plastic recovery samples were compared (Table 6.4), there were only 7 

DEGs. Of these, 6 were downregulated in response to 120 hours of QMP exposure. Once again, 

many of these were reproductive genes associated with vitelline membrane or chorion (an 

overarching reproduction category). Overall, these made up 86 % of the total DEGs. This left 

only 1 gene upregulated, CG10505. It functions in ATPase-coupled transmembrane transporter 

activity. Transmembrane transport is a category commonly seen as differentially expressed 

between QMP and control groups in D. melanogaster.  

 

When the plastic recovery samples and control samples for 120 hours were compared there 

were very few DEGs- only 3 (Table 6.5). This would suggest that there are very few differences 

between these samples. All of these genes were upregulated in samples recovering from QMP 

exposure are associated with the chorion (reproduction).  

 
As described above, with the absence of GO analysis being possible, genes were divided into 

broad functional categories. The QMP vs Control (Q v C) group showed a wide spread in the 

functional categories into which the DEGs were placed (Fig. 6.3). Of the 15 functional 

categories in this analysis, the Q v C group had genes associated with 14 of these (Cell cycle 

being absent) (Fig. 6.3). The other two comparisons showed no such spread. The QMP vs 

Removed (Q v R) had genes associated with only three categories- Reproduction (75 %), 

Mitochondria and energy production (12.5 %) and Transmembrane transport (12.5 %) (Fig. 

6.3).  The last comparison (Removed vs Control – R v C) showed changes within a single 

category- Reproduction. However, the lack of spread in the Q v R and R v C categories must 
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also be considered in terms of their gene numbers- 7 and 3 respectively. This may simply be a 

reflection of the number of DEGs.  

 

 
 
Figure 6.3 A chart showing the results of the pairwise analysis of differential gene 
expression in the D. melanogaster ovary after 120-hours of exposure to QMP, a control or 
having undergone plastic recovery from QMP. Genes identified were categorised into the 
broad functions listed in the chart, with the proportion of the genes which fell into each 
category shown numerically as a percentage. This analysis was carried out by manually 
assigning function based on published literature. 
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Table 6.4 120-hour QMP vs Removed
FBgn identifier Gene name log2 fold change Adjusted p value Function
FBgn0034612 CG10505 1.518048659 0.023088854 ATPase-coupled transmembrane transported activity
FBgn0000357 Cp18 -5.579175587 0.07445013 Structural consituent of chorion
FBgn0029696 CG15571 -5.868571709 0.010363851 Eggshell chorion assembly 
FBgn0041252 Femcoat -6.955666558 0.023088854 Eggshell chorion assembly 
FBgn0000356 Cp16 -7.001909266 0.001126155 Component of chorion
FBgn0052644 Mur11Da -7.246960305 0.047088042 Chorion-containing eggshell formation
FBgn0038011 CG4066 -8.84393145 0.010363851 Chorion-containing eggshell formation

Table 6.5 120- hour Removed vs EtOH
FBgn identifier Gene name log2 fold change Adjusted p value Function
FBgn0029697 CG15570 8.327940952 0.000957563 Component of chorion
FBgn0037405 CG1077 8.230158354 0.009654496 Chorion-containing eggshell formation
FBgn0029696 CG15571 5.885644459 0.012340268 Eggshell chorion assembly
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6.2.4 Genes showing an interaction with treatment across time 

 

The pairwise comparisons carried out (above) yielded less than 60 DEGs across the entire trial. 

This made interpretation of the data difficult- particularly in looking for trends in pathways or 

processes which may be vital.  In order to expand the information available, a likelihood ratio 

test (lrt) was carried out (Pacifico et al., 2018). This looks for significance in the interaction 

between treatment (QMP exposure) and time. Those genes had an adjusted p value of <0.001 

were considered to be of interest (270 genes). As lrt is a measure of interaction, it cannot be 

measured in the classical sense of log fold changes in expression. Instead, these genes can be 

viewed as changing over time in response to the treatment (Fig 6.5). There are various patterns 

of gene expression which are included in an lrt. These can span any pattern from genes being 

up or downregulated over the time course, or certain time points being particularly different 

(however not enough so as to reach statistical significance).  
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Figure 6.4 Graphs showing examples of tends observed in genes which did not reach 
significance in differential expression with a Wald test, but did with a likelihood ratio test. 
These include genes which showed an overall increase in function in response to QMP (top), 
and those which showed a decrease (bottom). FBgn0029588 is involved in cell death, and 
FBgn0029822 is a transcription factor.  
 
 
6.2.5 Functional clustering analysis using DAVID 

 

The above analysis where the genes were manually assigned to broad functional categories 

after pairwise analysis allowed for all of the genes with a known function meant an overall 

view of functionality could be achieved. However, because genes were investigated manually, 

there were no statistical analyses of enrichment. In order to also investigate this, DAVID 

(Version 6.8- https://david.ncifcrf.gov) was used. Into this the list of 270 DEGs identified by 

lrt were analysed against the background of all the genes expressed above the minimum 

expression cut-off for in our RNA-seq. When functional annotation clustering was carried out, 

this gave 26 functional clusters- each with an enrichment score. Scores of 1.6 and above are 

indicative of significant enrichment in comparison to the background list of genes. In this 

analysis, 4 of the 26 clusters showed an enrichment score indicative of significant enrichment. 
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These were associated with; the endoplasmic reticulum, glycosyltransferase, heat shock protein 

70 family and the membrane (Table 6.7).  

 

 
 

Table 6.6 A table showing the functional annotation clustering for the genes identified as 
showing an interaction with QMP treatment overtime in the D. melanogaster ovary. Shown are 
clusters which had significant enrichment (a score of >1.6), and the numbers of genes in each 
cluster. Analysis was carried out using DAVID Version 6.8.  
 
 
6.3 Discussion 
 
 
The aim of this RNA-seq experiment was to identify pathways through which honeybee QMP 

was acting to repress reproduction in D. melanogaster. This allowed for potential molecular 

mechanisms acting in the ovary to identified for the first time. Due to the insights this provides, 

a useful comparison can be made to the existing gene expression information in honeybees. If 

similar pathways were seen to be underpinning this response, then it would indicate that QMP 

is co-opting ancestral pathways for regulating reproduction. Also, that these have been 

conserved in both species would indicate that they serve a vital function, and have therefore 

been highly conserved. If they are moderately similar, it would suggest that the response to 

QMP has been modified in honey bees during the course of the presumed evolutionary arms 

race, altering it from the ancestral-like response seen in D. melanogaster. Alternatively, it was 

also possible that the response in D. melanogaster is through entirely novel mechanisms to 

those in honey bees.  

 

One of the most comprehensive datasets available in honey bee ovaries is from Duncan et al. 

submitted, in which RNA-seq was carried out on A. mellifera ovaries from workers (+ QMP), 

active workers (- QMP) and queens. This allowed for the gene expression patterns 

characteristic of each reproductive state. Interestingly, one of the key underpinning 

mechanisms was discovered to be through Notch cell signalling (Duncan et al., 2016). It was 

shown that Notch signalling was active early in the germarium (involved in oocyte 

Cluster Total Genes Enrichment Score
Endoplasmic reticulum 14 3.53
Glycosyltransferase 11 2.16
Heat shock protein 70 family 4 1.68
Membrane 78 1.61
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specification) of workers in the presence of QMP, whereas the loss of QMP induced a loss of 

Notch signalling, and the activation of the ovary. This was further demonstrated when DAPT 

(an inhibitor of Notch cell signalling) induced the activation of worker ovaries, even in the 

presence of QMP. In this current D. melanogaster RNA-seq study, a clear signature of Notch 

signalling was not as prevalent as it had been in honey bees. In the time course of response, 

only one gene was identified as playing a role in this signalling pathway after pairwise analysis. 

This was CG14275, which was upregulated after 24 hours of QMP exposure. This therefore 

shows the same trend of expression to that observed in honey bees- where QMP is associated 

with active in Notch cell signalling. This upregulation, whilst being the same in trend to 

honeybees, is inconsistent with functionality. The upregulation of Notch cell signalling in D. 

melanogaster ovaries is indicative of reproduction (Bonfini et al., 2015). However, in the A. 

mellifera it has been associated with both repressed reproduction in the germarium (Duncan et 

al., 2016), and follicle cell differentiation (a hallmark of active oogenesis) - suggestive of 

differing roles based on cell type. However, more Notch signalling genes were identified in the 

lrt analysis, where six genes were found, including E(Spl)m3-HLH. Of these, four showed a 

trend of decreased expression, whilst two showed an increase. This was interesting, as it 

showed conflicting patterns of Notch regulation. CRMP, Caf-1-105, rumi and ebi are all 

positive regulators of the Notch signalling pathway, although rumi has been described as both 

a positive and negative regulator (Jauffred et al., 2013; Schweisguth, 2004; Yu et al., 2013). 

Of these four genes, CRMP appears upregulated in response to QMP, whereas the others are 

down-regulated. This conflicting pattern is seen in the genes which are regulated by Notch 

signalling, where emc is downregulated in response to QMP, which would suggest a decrease 

in Notch signalling (Adam and Montell, 2004), whereas E(Spl)m3-HLH was upregulated in 

response to QMP, indicating an increase in Notch signalling. Overall, this could be indicative 

of Notch signalling acting in differing ways within the ovary- perhaps by acting of differencing 

cell populations. Further work into visualising the expression patterns of these Notch regulating 

and responsive genes using HCR would provide insight into whether Notch may be acting on 

differing cell types in different ways. However, with such as small number of genes, and an 

almost even split in their trends, it is difficult to interpret this data. Unlike in the honeybee 

dataset, the number of Notch responsive genes was very small. This makes it likely that the 

role of Notch signalling in the D. melanogaster response is far more minor. What this would 

suggest is that perhaps in the course of the inevitable evolutionary arms race between queens 

and workers, increasingly more conserved and vital pathways were co-opted to be regulated 

by QMP. This would in turn make escaping this repression more difficult. In this way, the 
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central role of Notch cell signalling may be a feature specific to Apis mellifera, with the role 

of Notch signalling in the germarium seeming to have shifted in the evolutionary span between 

D. melanogaster and A. mellifera.  

 

There were many other functional categories which showed enrichment in honeybee worker 

ovaries (Duncan et al., submitted). However, only one the honeybee enrichment categories was 

shared with the lrt analysis in D. melanogaster- this was the heat shock protein (HSP) category. 

Heat shock proteins function as a ‘buffering’ system during stress- allowing for an increase in 

survival under adverse conditions (Gong and Golic, 2006). In workers, the absence of QMP is 

associated with changes in HSPs (Duncan et al., submitted). In my study, however, the four 

genes which fell into the heat shock category were split in their patterns of response to QMP. 

Hsc70-3 and Hsc70-5 both showed an increase in response to QMP, whereas Hsc70-4 and 

CG2918 showed a decrease. The changes in Hsc70 are potentially interesting, as alterations in 

levels of Hsp70 and Hsc70 have been associated with diapause response in a lepidopteran 

(Wang et al., 2014), suggesting that common mechanisms of responding to seasonality may 

have been co-opted by QMP. Further work into the exact roles that HSPs are playing within 

this response could shed light on this question. For instance, using HCR to visualise which 

region of the ovary differing HSPs are expressed in would allow for identification of which 

cell types they are active within, and what role in oogenesis this may relate to. If they are acting 

in different ways in different cell types, this might help explain why some show an increase in 

expression, while others show a decrease. RNAi could also be used to investigate their function, 

by disrupting the action of the genes, and investigating the effect this has on both reproduction 

and response to QMP.  

 

What is interesting is this is sparsity in overlap in enrichment categories. It would suggest that 

despite QMP producing similar phenotypes in D. melanogaster and A. mellifera workers, it 

may in fact be acting through different or modified pathways. This could suggest elaboration 

of the pathways which respond to QMP as it co-evolved with honeybees. Despite this being 

the only functional category that both studies show a significant enrichment for (both using 

DAVID), the other categories that the pairwise genes fall into are often shared with the 

honeybee dataset. For instance, both species showed changes associated with alterations in 

transcription, translation, nucleotide binding, mRNA processing and chromatin organisation. 

Regulation of oogenesis has previously been associated with changes in chromatin state in D. 

melanogaster (Clough et al., 2007, 2014). This indicates, perhaps unsurprisingly, that there are 
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changes in gene regulation and expression associated with these large alterations in 

reproductive state. Other logical categories shared include those associated with reproduction, 

cell cycle, oogenesis and eggshell assembly. Once again, since the phenotype of interest is 

changes in reproductive state, it is logical that these changes in gene expression reflect this. 

Further shared categories are those related to calcium ion binding (which could be associated 

with calcium-mediated signalling), secreted protein, ubiquitination and oxidative 

phosphorylation. These may reflect changes in cell metabolism and energy production, 

indicating an active process of repression. Overall, when the honeybee and D. melanogaster 

datasets are compared, they initially appear quite different. The D. melanogaster set contains 

only 59 genes after pairwise comparison, or 270 with interaction testing. The worker honeybees, 

however, show changes in over 3,500 genes in response to alterations in QMP status (Duncan 

et al., submitted). This magnitude of difference may be contributed by the structural differences 

in ovaries between these two species. For instance, honeybee ovaries have a much longer 

germarium, with more cystocyte clusters prior to cell differentiation. This could conceivably 

increase the relative contribution of RNA from this region to the overall pool, thus making 

changes easier to detect. Despite the obvious magnitude of these changes being vastly different, 

many of the functions of these genes overlap. It is possible that the response seen in D. 

melanogaster is ancestral-like, with a minor role of Notch cell signalling. In honeybees, 

however, with the evolution of QMP over the last 55 million years, an arms race may have 

caused an elaboration on this ancestral response- leading to the co-option of many more genes 

and pathways, as well as the vital role of Notch cell signalling. Although it is also possible that 

this broad repressive effect is an ‘accident’ of evolution.  

 

Comparisons can also be made with other studies which have looked at genes associated with 

sociality- for instance a study looking for genes with accelerated evolution in both eusocial and 

primitively eusocial lineages (Kapheim et al., 2015; Woodard et al., 2011). There were once 

again many similarities in function between QMP responsive genes in D. melanogaster and 

those undergoing accelerated evolution. These included signal transduction, carbohydrate 

metabolism and glycolysis. Of those genes identified to be evolving most rapidly, there are 

once again similarities seen- as there are functions associated with immune response, dopamine 

signalling and chromatin remodelling (Woodard et al., 2011). It was also found that Notch cell 

signalling genes are also under selection during the evolution of eusociality (Kapheim et al., 

2015). All of these are of interest in the D. melanogaster dataset. This is an interesting 

comparison, given that genes under accelerated evolution are potentially vital for sociality. As 
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D. melanogaster are not-eusocial, commonalities therefore provide candidates for genes which 

may be undergoing selection for sociality early in this process. Perhaps explaining why there 

seems to be a different subset of functions to those identified in the A. mellifera RNA-seq.  

 

A final comparison can be drawn to a broader sociality study, where the response to queen 

pheromones was studied in two ant and two bee species (Holman et al., 2019). Although it 

must be noted that this study sequenced whole individuals- making the tissue- specific effects 

potentially difficult to determine.  This is not ideal for comparison to our data, given that our 

D. melanogaster dataset is generated from only the anterior portions of the D. melanogaster 

ovary. The evolutionary distance between these species is also only 150 million years- making 

the span less than half of that used when we have compared D. melanogaster and A. mellifera 

earlier in this discussion. Despite this, commonalities are once again seen in the function of 

genes which are differentially expressed in response to queen pheromones- including immunity, 

lipid biosynthesis and transport, oogenesis and chromatin remodelling (Holman et al., 2019). 

From the comparisons within species, the authors conclude that there are shared genetic 

modules to regulate the reproductive division of labour between these species, and also that 

these genes are evolutionarily ancient (Holman et al., 2019). This is consistent with the analysis 

presented in this thesis.  

 

After finding no single gene or pathway of particular interest in our study, further thought was 

given to the potential meaning of this. QMP evolved approximately 300 million years after D. 

melanogaster and A. mellifera diverged, meaning that unless it targets ancient, conserved 

pathways, no response should be seen in D. melanogaster. The repression observed in D. 

melanogaster indicates that QMP may be able to mimic an environmental signal inducing 

reproductive repression. Therefore, the identification of this signal it mimics would likely shed 

more light on potential mechanisms. Therefore, Chapter 7 delves into the identification of these 

signals and potential mechanisms it is indicative of. Changes in immunity, lifespan and 

nutrition genes expression were functionally tested in Chapter 7. 

 

An interesting area for future investigation would be to trawl through the existing microarray 

and RNA-seq datasets available in the literature from D. melanogaster which were exposed to 

various environmental stressors or conditions. Any similarities in expression patterns or 

functionality could give a hint as to signal QMP is mimicking. For instance, protein restriction, 

starvation, cold stress, heat stress, ageing, diapause, infection, oxidative stress etc… 
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Limitations here are obviously in tissue specificity and differences in conditions, age and 

genetic background of these flies. All of these experiments are likely carried out in different 

laboratories, under differing conditions, depending on the focus of their particular research 

question. This is a potential source of ‘noise’ in these datasets, which could make the attempt 

to identify specific mechanisms difficult. It would also be interesting to set up multiple 

experiments with the different conditions environmental stressors described above- whilst 

keeping as many variables as consistent as possible. Then RNA-seq could be carried out on 

their ovaries, and common mechanisms of response to these stressors could be investigated. 

This is underpinned by the concept central to many of the theories of how eusociality evolved- 

that existing genes and pathways for responding to the environment and repressing 

reproduction are co-opted. It therefore seems logical that there may be a core conserved set of 

genes which regulate the ovarian response to environmental stressors, and that by perhaps all 

of these different influences feed into a single mechanism for repressing reproduction (QMP 

included). This is a concept that has never before been studied, and would provide an exciting 

avenue for future investigation.  

 

Overall, this RNA-seq study of gene expression in the D. melanogaster ovary in response to 

QMP has provided a good opportunity to look for mechanisms which underpin this. However, 

unlike in honey bees, there was no ‘smoking gun’- a single pathway or regulator network which 

appeared key in this process. Instead, when compared to other datasets, we see various 

commonalities in function of genes which are associated with sociality. This includes genes 

associated with signal transduction and carbohydrate metabolism-under accelerated evolution 

in social insects (Woodard et al., 2011), immunity, lipid biosynthesis and transport, oogenesis 

and chromatin remodelling in ant and bee species in response to queen pheromones (Holman 

et al., 2019), and changes associated with heat shock response, regulating gene expression, 

reproduction, oxidative phosphorylation, ubiquitination and calcium binding (Duncan et al., 

submitted). The sheer scale of response observed in social insects in response to their queen 

pheromones would suggest that in D. melanogaster we are observing a far smaller ‘ancestral-

like’ response. Honeybees appear to show an elaboration and co-option of further pathways in 

the course of their evolution with QMP. This finding aids our understanding of how eusociality 

and QMP may have evolved.   
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Chapter 7: QMP acts in D. melanogaster through co-option 

of nutrition signalling pathways 
 

7.1 Introduction 

 

Eusociality has long been an area of interest, namely due to the fact there have been multiple, 

independent evolutions of sociality in different animal lineages (Wilson and Holldobler, 2005).  

Insects already possess the mechanisms for altering their reproduction in response to 

environmental cues- whether these be cyclic changes such as temperature, seasonality or 

photoperiod, or stressors such as food availability. This therefore raises the possibility that 

instead of evolving entirely new mechanisms to regulate reproduction, these existing ones are 

simply co-opted for a role in regulating reproduction in sociality.  

 

In order to investigate this a mutagenesis screen was carried out, investigations into already 

identified mechanisms in honey bees, and RNA-seq (see Chapters 4, 5 and 6). These provided 

some insight into aspects of the action of QMP in Drosophila, however there was no ‘smoking 

gun’ per se- a clear mechanism through which QMP might be acting. In light of this, a more 

overarching approach was taken, whereby the entirety of the data gathered in this work was re-

examined. This was to look for any indications of potential mechanisms which may have been 

missed in previous hypotheses. It was based on this concept- Drosophila melanogaster have 

not evolved to respond to QMP, therefore QMP must be mimicking some environmental 

signal- the response to which is ancient and highly conserved. Upon reflection, instead of 

seeing signatures of a single genetic pathway, what emerged was many pieces of evidence 

suggesting that diapause may be the mechanism which QMP is acting through (Fig. 7.1).  

 

Diapause is the process whereby the normal development or activity of an organism is 

suspended, and a period of dormancy is induced. It can occur at a variety of different life stages; 

from egg, larval, pupal or adult (Denlinger, 1986, 2002). It is often underpinned by changes in 

metabolism, which varies with the type of diapause induced (Kostál, 2006). Diapause during 

development can lead to a total halt in the development of this organism, whereas adult 

diapause is often associated with reduced activity, as well as repressed reproduction (Kostál, 

2006). It is a condition which is often induced in response to environmental factors such as 

cold or reduced food availability (Denlinger, 2002; Denlinger and Armbruster, 2014).  
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Reproductive diapause is hypothesised to be a key feature upon which eusociality may be built 

(West-Eberhard, 1989). This is through the co-option of existing mechanisms for responding 

reproductively to environmental cues, such as temperature and resource availability. Females 

of many insect species already reproduce in favourable conditions, then cease to do so 

(diapause) in order to care for their offspring, or wait out the environmental stressor. It has 

been proposed that over the course of social insect evolution, there has been a decoupling of 

these reproductive states from their environmental cues. Instead, they become fixed in different 

individuals (West-Eberhard, 1989). As such, one can view queens as the manifestation of the 

reproductive state, and workers as the diapausing, non-reproductive state. In this way, 

mechanisms which regulate these ancestral diapause pathways may also underpin key sociality 

pathways also.  

 

Reproductive diapause is characterised by many features, some of the main ones include; arrest 

of oocyte development, rapid recovery from reproductive arrest, an extended lifespan 

(Kučerová et al., 2016), altered resource allocation (Tatar et al., 2001), resistance to oxidative 

stress (Tatar et al., 2001), increases in immune function (Kubrak et al., 2014; Kučerová et al., 

2016) and a decreased food intake (Kubrak et al., 2014; Kučerová et al., 2016). Upon looking 

at the previous data in this study, it became clear that some of these features had been observed 

in the RNA-seq data- such as changes associated with repressed reproduction, alterations in 

metabolism, changes in redox processes as well as immune function genes also (See Chapter 

6). Some of these features there was strong functional evidence for, such as arrested oocyte 

development, which had been previously reported (Camiletti et al., 2013), as well as supported 

by this study (Chapter 3, Fig 3.1) and the rapid recovery from reproductive arrest we have 

demonstrated in the form of plastic activation of D. melanogaster ovaries within 48 hours of 

removal from QMP (Chapter 3, Fig 3.4). 
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Figure 7.1 An image showing which features of diapause this thesis has previously shown 
support for. Green ticks indicate support in the form of RNA-seq data, bold font indicates 
functional evidence. Question marks denote phenotypes to be functionally investigated in this 
chapter, that have RNA-seq support already. Features of diapause are covered in (Kubrak et 
al., 2014). 
 
In order to further investigate whether diapause is the mechanism by which QMP is inducing 

repressed reproduction in D. melanogaster, functional work was carried out into some of the 

other measurable characteristics of an insect in a diapause state. This included investigation 

into lifespan, immunity and food intake behaviour in response to QMP exposure.  

 

7.2 Results supporting the diapause hypothesis and their interpretation 

 

7.2.1 QMP extends D. melanogaster lifespan 

 

In order to investigate whether Drosophila exposed to QMP showed alterations in their lifespan, 

15 groups of 10 individuals were exposed to 26 Qeq QMP, or a control treatment. Fresh food 

and QMP or solvent control were provided every four days, and the dead were removed at this 

time. The populations were monitored for survival every 24 hours.  
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Figure 7.2 A Kaplan-Meier survival plot showing the proportions of virgin female Drosophila 
alive while exposed to 26 Qeq QMP or a control. Death was monitored every 24 hours for each 
vial of 10 individuals. Each treatment consisted of 15 vials (n=150 individuals). These were 
monitored until all Drosophila were dead. Significance was calculated with a Chi-squared test.  
 
 
This survival plot (Fig. 7.2) shows that virgin female D. melanogaster exposed to 26 Qeq QMP 

have a longer lifespan than their control treated counterparts (p= 4x10-13). The average lifespan 

of a Drosophila on this diet with the control treatment is 8.35 days, whereas those exposed to 

QMP live for roughly 66 % longer- at 13.88 days. This low number was surprising, and may 

be a product of their liquid diet on which they were maintained. However, as both control and 

QMP treated were on the same diet, this does not invalidate the comparison in the trends 

observed. The QMP exposed surviving longer is in some ways not necessarily surprising- as it 

is consistent with the well-established fecundity-lifespan trade-off (Flatt and Promislow, 2007; 

Harshman and Zera, 2007; Kenyon, 2010; Koufopanou and Bell, 1984; Maynard Smith, 1958; 

Reznick, 1985; Tatar, 2010; Williams, 1966). This is the concept that there are limited 

resources available to an individual. If she invests these in reproduction, it leaves less for 

herself, and as such shortens her lifespan. The converse also applies, where if she invests in 

herself more, and her offspring less, than she will extend her lifespan. Cold treating Drosophila 

to induce diapause has previously resulted in a doubling of lifespan (Sisodia and Singh, 2002). 
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The marked increase in lifespan with QMP exposure is consistent with this. The fact that QMP 

reduces the number of mature oocytes a D. melanogaster produces (Camiletti et al., 

2013)(Lovegrove et al in press), thereby reducing her investment in reproduction, makes it 

likely she will have more resources with which to extend her lifespan.  

 

Eusocial insects, such as honey bees, have been of interest as they appear to ‘break’ this trade-

off. The queen has an objectively startlingly high reproductive output, yet couples this with a 

lifespan that can be many times greater than her longest lived workers. Her workers, however, 

lead rather fleeting lives in comparison, despite often never expending energy on reproduction. 

This seems counter intuitive- making understanding this biology appear to be a panacea to the 

problem of investing in both oneself, and one’s offspring. It raised the possibility that perhaps 

some aspect of the response to QMP incurred a fitness cost so high as to disrupt this trade-off. 

If the action of QMP is by mimicking a stressful environmental signal, for instance, then 

workers may be under physiological conditions that reduce their fitness. If this is the case, then 

even without the lifespan shortening effects of reproducing, they may still find their lifespan 

reduced. If this was the case, we would have expected a decrease in lifespan with the decrease 

in reproduction in D. melanogaster after exposure to QMP. This was not the case (Fig. 7.2). 

The classical fecundity-lifespan trade-off held. Instead, when one relates this concept back to 

honey bees, it must be considered that at larval stages the queen has been provided with an 

abundance of nutrition. This contains components including HDACs, theoretically capable of 

altering gene expression (Cameron et al., 2013). Direct comparisons therefore seem 

questionable- as they develop into quite different organisms. For instance, a queen which has 

a lower reproductive output in theory may live longer in a system without any other 

considerations. Yet, she does not live in isolation, and as such, she would likely be replaced as 

her workers discerned her below average reproductive capacity.  There is selection for queens 

which produce many offspring, perhaps skewing the way this system is observed to act. 

However, the claim that social insects break this well-established biological principal is likely 

an error in the way in which we view these organisms.  D. melanogaster not incurring a lifespan 

reducing fitness cost associated with reduced reproduction in response to QMP may support 

the concept that honey bees are likely subject to the fecundity-lifespan trade-off also. However, 

there is a large evolutionary distance between these species, and a variety of factors are likely 

involved. Overall, this would suggest that QMP is capable of extending the lifespan of D. 

melanogaster, likely through their repressed reproduction and the associated fecundity-lifespan 

trade-off. This lifespan extension is also a feature characteristic of reproductive diapause. 
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7.2.2 QMP improves D. melanogaster immunity 

 

An increase in immune function is also characteristic of reproductive diapause. It is 

hypothesised that the more sedentary lifestyle of a diapausing individual necessitates an 

efficient defence against bacteria and fungi (Kubrak et al., 2014). As such, immunity genes are 

upregulated proactively in the absence of an infection (Kubrak et al., 2014). As such, we 

investigated whether exposure to QMP affected the immune response of D. melanogaster to a 

sterile wound, or to the introduction of a pathogen. In order to do so, D. melanogaster were 

exposed to QMP or  solvent control for 48 hours, before being given a thoracic wound (protocol 

described in (Khalil et al., 2015)) with a sterile insect pin as a control, or a pin dipped in the 

Pseudomonas aeruginosa strain PA01, a known D. melanogaster pathogen (Liu et al., 2017). 

After this, they were allowed to recover for a 12-hour period at 25°C, before individual D. 

melanogaster were homogenised, and a 1 in 10 dilution series of the homogenate was carried 

out. These dilutions were plated onto LB agar plates, and incubated for a further 12 hours (see 

Fig 7.3). By counting the appropriate dilution, it was possible to then calculate the number of 

colony forming units (cfu) per individual D. melanogaster. This gives an indication of the 

ability of D. melanogaster to prevent bacterial colonisation and infection, as well as their ability 

to reduce bacterial load if an infection occurs.  

 

 
 
Figure 7.3 A diagram showing the experimental setup of the D. melanogaster immunity trials. 
They are exposed to 26 Qeq QMP or a control for 48 hours prior to being thoracically wounded 
with Pseudomonas aeruginosa PA01, or a sterile wound. They are allowed to incubate for 12 
hours prior to homogenisation, eight 1 in 10 dilutions, and plating out. After overnight 
incubation colonies are counted and bacteria/D. melanogaster can be calculated.  
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If QMP is acting through diapause pathways we would expect individuals exposed to QMP to 

be able to more effectively fight infections, or be less likely to be colonised at all. 

Phenotypically this would be reflected by having a reduced bacterial load. This phenomenon 

was observed both when D. melanogaster were exposed to a sterile wound in their thoracic 

region, as well as when Pseudomonas aeruginosa PA01 were introduced at the same time (Fig. 

7.4).  

 

  
 
Figure 7.4 A scatter plot showing the number of bacteria per D. melanogaster after a 12-hour 
incubation period. D. melanogaster were exposed to 26 Qeq QMP (darker) or a solvent control 
(lighter) for a 48-hour period prior to inoculation through a sterile thoracic wound (blue), or a 
thoracic wound with the pathogen Pseudomonas aeruginosa PA01 (green). n= 37 – 44 D. 
melanogaster per treatment.  
 

When a sterile wound was administered, the QMP exposed individuals had a bacterial load 

over 25 million times lower than their control counterparts (p<2x10-16). This suggests that QMP 

is capable of helping to prevent colonisation, as well as assist with mounting a successful 

immune response to infection. When PA01 was introduced with the wound, the same trend was 

seen- the QMP exposed flies had a significantly lower bacterial load- 20 times lower (p= 

7.5x10-3). When the QMP exposed were compared, there were 350,000 times more bacteria in 

the PA01 exposed when compared to a sterile wound (p= 3.1x10-6). This is much higher in 

PA01 than when just a sterile wound was given, the opposite trend to that observed in the 

controls. This could suggest that a pathogen may be better at initial colonisation and also is 
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more difficult for these individuals to mount a successful immune defence against. It also 

suggests the QMP exposed individuals may be better at mounting an immune response to 

opportunistic bacteria than to pathogens. This could be indicative that the innate immunity if 

these individuals is boosted, whilst still susceptible to pathogens. It would be interesting to see 

if their acquired immunity was also strengthened by QMP exposure. This could be done by 

allowing for a period of recovery, before introducing them to PA01 again, and monitoring 

whether the QMP were even more capable of reducing bacterial load. Despite differences in 

the response based on the type of bacteria, QMP still improved the ability of D. melanogaster 

to fight an infection. It is also in concordance with immunity changes characteristic of 

reproductive diapause.  

 

In the control D. melanogaster, there is a clear difference seen in bacterial load when the sterile 

wound and the PA01 exposed are compared (Fig. 7.4). The control D. melanogaster which 

received a sterile thoracic wound have a 3.7 times higher bacterial load in comparison to those 

which were exposed to PA01 (p= 8.7x10-4). As the wound itself was sterile, it is likely that 

opportunistic bacteria from their cuticle or environment are responsible for the bacteria 

observed. As bacterial are quantified after being grown on an agar plate overnight, it is 

theoretically possible that gut microbiota would grow and confound this study, however gut 

microbiota should not grow on an agar plate in the time allowed for incubations (Khalil et al., 

2015). Also, unless QMP drastically alters the gut microbiota (which is a possibility that was 

not tested), their population densities should have remained consistent across treatments. The 

high load of bacteria may be explained by the wound site itself, as it has been shown that D. 

melanogaster which have a thoracic wound carry a bacterial load 20 times higher than those 

wounded abdominally after 24 hours of incubation (Chambers et al., 2014). This is possibly 

due to the characteristics of the thorax itself- namely that it contains the flight muscles. This 

could induce the circulation of key nutrients to repair this vital tissue, which could instead be 

utilised for bacterial growth (Chambers et al., 2014). A surprising finding was that the highest 

bacterial load was not in the controls which had been inoculated with PA01, but instead in the 

sterile wounded controls. This seems unusual, however it is possible that the lower bacterial 

load in the PA01 controls is due to differences in growth rate between the bacterial species 

present. Alternatively, one must also consider that in the course of inoculating with PA01, a 

wound was generated which provided the opportunity for colonisation by the environmental 

bacteria (the same as in the sterile wound group). Competition between these two groups could 

impede the growth of both of these, resulting in a reduced bacterial load. PA01, for instance, 
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has been shown to have its growth slowed, or slowed the growth of other bacteria, based on 

which species are present in the environment (Liu et al., 2017). Therefore, the differences 

observed in the two controls may simply be an artefact of the interactions between bacteria 

present. 

 

What is of note, is that regardless of whether it was in response to a pathogen, or an 

environmental opportunist, QMP exposed D. melanogaster had increased resistance to 

infection, presumably via increased immune function. Further quantification of this could be 

done by using a technique such as RT-qPCR to assay for expression changes in immunity genes 

(Carpenter et al., 2009), and investigate the extent to which QMP altered immunity. In 

particular, whether QMP boosts immunity genes prior to any infection. Even in its current 

phenotypic based state, this work in itself is the first time QMP has been shown to influence 

immune function in D. melanogaster, and further supports the hypothesis that diapause 

mechanisms may underpin the action of QMP.  

 

7.3 Diapause discussion 

 

A pathway- or more broadly, biological phenomena- which seems to underpin many of the 

theories of how eusociality may arise is that of diapause. Diapause in some form plays a role 

in altered sex ratios (Hunt and Amdam, 2005; Quiñones and Pen, 2017; Seger, 1983) and the 

reproductive ground plan hypothesis- whereby reproductive cycling is decoupled, with the 

reproductive state becoming queens, and the non-reproductive becoming workers (Gadagkar, 

1990; West-Eberhard, 1989).  Support comes from a recent study which showed that there 

appears to be an shift toward adult or reproductive diapause in social lineages of bees (Santos 

et al., 2019). 

 

This thesis has shown functional evidence to support the hypothesis that QMP may act through 

co-option of existing diapause mechanisms which regulate reproduction- with altered 

immunity (Fig. 7.4) and an increased lifespan (Fig. 7.2). Further investigations into the immune 

function could involve testing the response to both gram-negative and gram-positive bacteria, 

as well as fungal infections. It would also be interesting to monitor the bacterial load across 

time, to investigate whether those exposed to QMP are capable of dealing with the initial 

infection in a more effective manner than the controls. 
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The altered immunity observed links to the next part of this project- nutritional status. It has 

been proposed that diapause is altering the nutritional state of the D. melanogaster, which in 

turn alters the expression of the nutrition signalling gene FOXO (Kubrak et al., 2014). This in 

turn regulates immunity, with a FOXO binding motif being present in the promoter of the D. 

melanogaster immunity gene Drosomycin (Becker et al., 2010). This once again links back to 

diapause, with there being evidence that nutrition signalling may play a key role in the function 

and evolution of sociality. The strongest functional evidence for the role of nutritional 

signalling in the reproductive division of labour came from an ant study showing that changes 

in canonical insulin signalling regulate this cycling of reproduction, and that this appears to be 

conserved across many ant species (Chandra et al., 2018). Suggesting high levels of 

conservation is the fact that the highly diverged D. melanogaster also use nutrition signalling 

to regulate their reproductive diapause (Kubrak et al., 2014). When one also includes 

nutritional signalling in theories for how eusociality may arise this then encompasses more 

theories, such as parental manipulation (Alexander, 1974; Craig, 1979; Crozier, 2008; Hunt et 

al., 2007; West-Eberhard, 1975), the reproductive ground plan hypothesis (Chandra et al., 2018; 

Kapheim and Johnson, 2017; Mutti et al., 2011; Wang et al., 2009), and perhaps loosely to 

assured fitness returns (Gadagkar, 1990; Queller, 1989)- if the conditions making it 

unfavourable to attempt personal reproduction is a nutrient deficit.  

 

Therefore, diapause and altered nutritive states appear to be key to the evolution of eusociality 

in many theories. This makes sense in many ways- as diapause is a biological process by which 

reproductive state is altered in response to the environment, it provides evolutionary fodder in 

the form of an existing system which can be co-opted, perhaps through decoupling diapause 

from seasonality. Added to this, nutrition signalling associated with diapause tightly regulates 

reproduction, is environmentally responsive and also could be targeted by queen signals 

mimicking environmental conditions. One would therefore expect that pheromones, which 

regulate these reproductive states, could affect pathways which are known to be associated 

with diapause.  

 

That we see these expected differences in immunity characteristic of diapause, naturally leads 

to investigating whether there are changes in nutritional status also observed with this 

phenotype. Therefore, the one remaining characteristic we wished to test was that of food 

intake. Reproductive diapause is characterised by a reduction in food intake (Kubrak et al., 
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2014), and as such we anticipated that QMP exposed D. melanogaster would decrease their 

food intake.  

 

7.4 Nutrition signalling results and interpretation 

 

7.4.1 QMP increases food intake in D. melanogaster 

 

D. melanogaster were maintained on their standard liquid diet (Chapter 2.1.4) and exposed to 

QMP or a control treatment for 48 hours, before their food intake was measured. A detailed 

description of this experimental setup can be found in the methods (Chapter 2.6.2-4). Briefly, 

D. melanogaster were placed on agar petri dishes containing food solutions coloured with food 

dye (one coloured solution contained sugar, the other protein). They were then allowed to feed 

ad libidum for 2 hours in the dark, before the entire dish was frozen. This kills the D. 

melanogaster and prevents further feeding. After freezing, D. melanogaster were removed an 

examined under a dissection microscope, and the presence and intensity of colour in their 

abdomens was used as an indicator for feeding activity and scored against a standardised scale 

(see Fig. 7.5).   

 
 

Figure 7. 5 A diagram showing the experimental design for the feeding trial. D. melanogaster 
are exposed to 26 Qeq QMP for 48 hours prior to feeding ad libitum for 2 hours on coloured 
food solutions (two coloured solutions, one sugar and one protein), before being frozen to 
prevent further feeding. Food intake is then classified based on the amount of colour visible in 
the D. melanogaster abdomen. The scale ranges from 0-3, with 0 indicating no food intake, 1 
indicates light colour, or up to a quarter of the abdomen being filled, 2 is a quarter to a half of 
the abdomen full, and 3 is over half of the abdomen being coloured. Scale for coloured food 
intake is taken from Jiang et al. 2009, used by permission.  
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If these D. melanogaster were in a state of reproductive diapause in response to the presence 

of QMP, then a decrease in feeding behaviour was to be expected (Kubrak et al., 2014). Instead, 

we observed the opposite effect; a significant increase in feeding behaviour (Fig 7.6). When 

individuals were classified as feeding or non-feeding (any colour vs no colour present in their 

abdomens), a clear difference was seen. Just over 15 % of the control population fed at all in 

the 2-hour time period, (Fig. 7.6). In contrast, in the QMP exposed flies, 74 % of the population 

consumed food. Whereas only 26 % of the QMP treated did not eat within this time period. 

This showed a stark difference in feeding behaviour when D. melanogaster were exposed to 

QMP- inducing an increase in percentage of the population showing feeding behaviour (p= 

2.41x10-17).  

 

 
 

 

Fig 7.6 A stacked bar chart showing the percentage of female D. melanogaster within a group 
which either consume food, or so not consume food within a 2-hour period. This is after 
treatment with either 26 Qeq QMP or a solvent control while on standard liquid food for a 48-
hour period. A Fisher’s exact test was carried out, and significance was determined by a p value 
< 0.05. n = 72 – 81 D. melanogaster per treatment.  
 

In order to investigate whether this increase in proportion of the population which fed also 

encompassed an increase in the amount they were eating, individuals were also classified 

against a scale of food consumption (Jiang et al., 2018) (Fig. 7.5). This scale ranged from zero 

to three. Zero indicated no feeding, one has less than 25 % of their abdomen coloured (or very 
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light colouring), two had 25 % – 50 % of their abdomens coloured, and three had over 50 % of 

their abdomen coloured (see Fig 7.5). When individuals were placed in these categories, it 

became clear that not only did QMP exposure affect the frequency with which a group 

consumed food, but also the quantities they consumed (Fig 7.7).  

 

 
Fig 7.7 A stacked bar chart showing the percentage of female D. melanogaster within a group 
which; consume no food, consume enough food to colour 0 – 25 % of their abdomen, consume 
enough food to colour 25 % - 50 % of their abdomen, or consume enough food to colour over 
50 % of their abdomen. This is after treatment with either 26 Qeq QMP or a solvent control 
while on standard liquid food for a 48-hour period. A Fisher’s exact test was carried out, and 
significance was determined by a p value < 0.05. n = 72 – 81 D. melanogaster per treatment. 
 

As previously discussed, 85 % of the control group did not consume food (Fig. 7.6). Of the 

remainder that did feed, 11 % were classified as consuming enough to fill less than a quarter 

of their abdomens. The remaining 4 % filled between a quarter and a half of their abdomens. 

There were no individuals which filled over half (Fig. 7.7). This indicates that not only is there 

a large proportion of individuals which do not feed under control conditions, but when they do 

feed, they consume a small amount of food.  

 

Of the 74% of QMP exposed individuals which consumed food, 30.7 % of them ate a small 

amount- less a quarter of their abdomens filled. 18.7 % of them ate until between a quarter and 

a half of their abdomen was coloured, and 24 % of them ate until over half of their abdomen 

was coloured. This is indicative of a high food intake and is significantly higher than controls 
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(p= 1.02x10-13). These results show that QMP increases the proportion of the population which 

consume food (Fig. 7.6). When they do consume food, they also consume greater quantities 

(Fig. 7.7). QMP exposure causing D. melanogaster to increase their food intake is not in 

concordance with diapause (Kubrak et al., 2014; Kučerová et al., 2016), and suggests that QMP 

may be acting through a different mechanism.  

 

7.4.2 QMP induces starvation-like feeding behaviour in D. melanogaster 

 

The feeding behaviours exhibited in Figures 7.6 and 7.7 were unexpected. What it indicates is 

that perhaps the QMP treated flies were under a large nutrient deficit, or unable to register 

satiation/nutrition signals. We hypothesised that an increase in food intake could be indicative 

of D. melanogaster being under physiological starvation conditions as a result of QMP 

exposure. In order to investigate this phenomenon, further feeding trials were carried out. D. 

melanogaster were once again exposed to 26 Qeq QMP or a control for 48 hours, however 

unlike the previous trial where they had access to liquid food for this period, they were in this 

case starved for 48 hours prior to the food intake trial. 

 

 
 Fig 7.8 A stacked bar chart showing the percentage of female D. melanogaster within a group 
which either consume food, or so not consume food within a 2-hour period. This is after 
treatment with either 26 Qeq QMP or a solvent control while under starvation conditions for a 
48-hour period. A Fisher’s exact test was carried out, and significance was determined by a p 
value < 0.05. n = 85 – 82 D. melanogaster per treatment. 
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When D. melanogaster are classified as feeding or non-feeding after being starved for 48 hours 

prior to the feeding assay, whilst being exposed to 26 Qeq QMP or a control, there is an increase 

in feeding behaviour observed (Fig. 7.8). Only 17.6 % of the control group did not feed (as 

opposed to the 85 % under fed conditions) (p< 0.05). Those which have been exposed to QMP 

during this period of starvation also show an increase in the percentage which consume food. 

Only 3.7 % of the population did not consume food (compared to the 26 % when fed whilst 

exposed to QMP) (Fig. 7.8). As the fed QMP group already consumed large quantities of food, 

there was less capacity for increase- however the proportion of the population which consumed 

food did increase by 21 % after starvation.  

 

Starvation led to an increase in percentage of the population which consumed food after QMP 

exposure when compared to fed and exposed to QMP (p< 0.05). When the starved groups 

which were exposed to a control or to QMP are compared, despite both have an increase in 

their percentage which consume food, there is still a significant difference in their feeding 

behaviours (p= 0.0018), with the starved QMP exposed being more likely to consume food 

than the starved controls. Both the QMP groups were treated in the same way, with the only 

difference being starvation. Yet the food consumption phenotype increased when one factor 

(starvation) was altered, showing a potentiation of the effects of QMP. No other environmental 

influence has been altered. This would indicate synergy between nutrition sensing and QMP 

action- further emphasising the potential for shared mechanisms. This in itself suggests that 

QMP may be acting through starvation or nutrition sensing pathways. 
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Fig 7.9 A stacked bar chart showing the percentage of female D. melanogaster within a group 
which; consume no food, consume enough food to colour 0 – 25 % of their abdomen, consume 
enough food to colour 25 % - 50 % of their abdomen, or consume enough food to colour over 
50 % of their abdomen. This is after treatment with either 26 Qeq QMP or a solvent control 
while under starvation conditions for a 48-hour period. A Fisher’s exact test was carried out, 
and significance was determined by a p value < 0.05. n = 85 – 82 D. melanogaster per treatment. 
 

In order to investigate whether this increase in the proportion of the population which consume 

food under starvation conditions (Fig. 7.8) is also leading to an increase in the quantity of food 

consumed, D. melanogaster were once again categorised based on percentage of abdomen 

coloured (for description see above). As previously discussed, 17.6 % of the starved controls 

did not consume food. Of those that did consume food, 36.5 % consumed enough to colour less 

than a quarter of their abdomen. A further 25.9 % consumed enough to fill between a quarter 

and a half of their abdomen, with the remaining 20 % consuming enough to fill over half of 

their abdomen. This indicates that these individuals are consuming large quantities of food 

when they are feeding (Fig. 7.9). When looking at the starved QMP exposed individuals, only 

3.7 % of the group does not feed. Of those that do feed, 26.8 % consume enough to fill under 

a quarter of their abdomen and 32.9 % fill between a quarter and a half of their abdomen. The 

rest consume very large quantities of food, with 36.6 % of the group consuming enough food 

to fill over half of their abdomen. Despite both groups consuming larger quantities of food 

under starvation conditions, there was still a difference observed in food intake, with the 

starved QMP exposed group consuming larger quantities of food than the starved controls (p= 

0.0031). 
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After observing the increase in feeding behaviour in the control group after being under 

starvation conditions (Fig. 7.8,9), we wanted to compare starved control groups to groups that 

had been exposed to QMP under fed conditions. In essence, to test whether being starved for 

48 hours, or fed and exposed to QMP for 48 hours produces the same patterns and effect size 

of feeding behaviour in D. melanogaster. When the starved control group was compared to the 

fed QMP, there was no significant difference in the proportions of their populations which 

exhibited feeding or non-feeding behaviour (p<0.05) (Fig. 7.10). Of the starved controls, 17.6 % 

of the population did not feed, compared to 26 % of the fed QMP. The starved control group 

had 82.4 % of the population consuming food, compared to 74 % of the fed QMP. This lack of 

statistical significance shows that there was no difference in proportions of groups that feed 

when comparing fed QMP exposed D. melanogaster and starved controls indicating that QMP 

exposure is mimicking or triggering the starvation response in D. melanogaster. 

 

 
Fig 7.10 A stacked bar chart showing the percentage of female D. melanogaster within a group 
which either consume food, or so not consume food within a 2-hour period. This is after 
treatment with either 26 Qeq QMP under fed conditions, or a solvent control while under 
starvation conditions for a 48-hour period. A Fisher’s exact test was carried out, and 
significance was determined by a p value < 0.05. n = 85 – 81 D. melanogaster per treatment. 
 

We then further investigated these similarities in food intake in fed QMP exposed D. 

melanogaster and the starved controls by comparing the quantities of food they were 

consuming. As previously stated, 17.6 % of the starved controls did not consume food, 

compared to 26 % of the fed QMP (Fig. 7.10). The starved controls consumed food that 
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coloured less than a quarter of their abdomen 36.5 % of the time. They filled between one 

quarter and a half of their abdomen 25.9 % of the time, with them filling over half of their 

abdomens 20 % of the time. There was a very similar pattern observed with the fed QMP 

exposed group, 30.8 % of which filled less than a quarter of their abdomens, 18.6 % of them 

filled between a quarter and a half of their abdomens, and the remaining 24.1 % filled over half 

of their abdomens. There were no statistically significant differences in the quantities of food 

consumed between these two groups (p< 0.05) (Fig. 7.11). This would indicate that as far as 

feeding behaviour is concerned, there is no difference between a D. melanogaster which has 

been starved for 48 hours, or one that has been exposed to QMP. This would suggest that QMP 

may be acting through the co-option of nutrition sensing pathways. In essence, whether a D. 

melanogaster female is exposed to 26 Qeq QMP for 48 hours, or starved for 48 hours, results 

in the same phenotype indicating that these differing environmental signals are acting through 

similar pathways signalling starvation. 

 

 

 
 
Fig 7.11 A stacked bar chart showing the percentage of female D. melanogaster within a group 
which; consume no food, consume enough food to colour 0 – 25 % of their abdomen, consume 
enough food to colour 25 % - 50 % of their abdomen, or consume enough food to colour over 
50 % of their abdomen. This is after treatment with either 26 Qeq QMP under fed conditions, 
or a solvent control while under starvation conditions for a 48-hour period. A Fisher’s exact 
test was carried out, and significance was determined by a p value < 0.05. n = 85 – 81 D. 
melanogaster per treatment. 
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7.4.3 Behavioural feeding changes established prior to ovarian phenotype 

 

This finding that QMP induces starvation-like food consumption in D. melanogaster (Fig. 7.10, 

11) provided a possible mechanism through which QMP may be acting. However, these 

feeding differences were observed after 48 hours of QMP exposure, after which time the 

ovarian phenotype is already well established (Chapter 3, Fig 3.3). Therefore, the directionality 

of this nutritional role was unknown. Was a difference in feeding behaviour preceding 

phenotypic changes in the ovary? Or, was feedback from the ovary altering the feeding 

behaviour of these individuals? Our previous phenotypic study (Chapter 3 Fig 3.3) and RNA-

seq study (Chapter 6) has shown that there is no difference in gene expression or ovarian 

morphology observed after 12 hours of QMP exposure. Therefore, a feeding trial was carried 

out on D. melanogaster which had been exposed to QMP under fed conditions for 12 hours, to 

determine if a nutritional asymmetry was established prior to changes in the ovary- which 

would indicate that feeding changes are upstream of the ovarian response.  

 

 
Fig 7.12 A stacked bar chart showing the percentage of female D. melanogaster within a group 
which either consume food, or so not consume food within a 2-hour period. This is after 
treatment with either 26 Qeq QMP or a solvent control under fed conditions for a 12-hour 
period. A Fisher’s exact test was carried out, and significance was determined by a p value < 
0.05. n = 94 – 90 D. melanogaster per treatment. 
 

When D. melanogaster were maintained under fed conditions for 12 hours with 26 Qeq QMP 

or a control, it was found that there were differences in the percentage of the population which 

showed feeding or non-feeding behaviour (p= 9.09x10-5). For the control group, 65.9 % of the 

population did not consume food, versus the 35.6 % of the QMP exposed group (Fig. 7.12). 
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The QMP group was more likely to consume food, as 64.4 % of their population consumed 

food in this trial, versus 34.1 % of the controls. This indicates that even after 12 hours of QMP 

exposure, these individuals are more likely to consume food- consistent with QMP mediated 

induction of a starvation-like physiological state.  

 

In order to further quantify this, and see if those individuals exposed to QMP for 12 hours are 

consuming greater quantities of food when they ate, they were also categorised based on the 

percentage of their abdomen which was coloured (Fig. 7.13). As previously stated, 65.9 % of 

the control group did not consume food. Of the remainder, the majority was made up of those 

which consumed enough food to colour less than a quarter of their abdomen- 25.5 % of the 

population. A small percentage consumed enough to fill between a quarter and a half of their 

abdomen (5.3 %), or over half of their abdomen (3.2 %). This indicates that when the 12-hour 

controls do eat, they consume only a relatively small amount of food (Fig. 7.13). Those D. 

melanogaster which were exposed to QMP for 12 hours, however, did not eat only 35.6 % of 

the time. The remainder consumed enough food to fill less than a quarter of their abdomen 

43.3 % of the time. The rest consumed large quantities of food, with 10 % consuming enough 

food to fill between a quarter and a half of their abdomen, and 11.1 % filling over half of their 

abdomen. The QMP exposed individuals consumed greater quantities of food when they ate 

(p= 5.68x10-4). This is indicative of QMP inducing differences in feeding behaviour preceding 

changes in gene expression or ovarian morphology in D. melanogaster (Fig. 7.13). This shows 

the directionality of this system- with nutrition sensing being upstream of ovarian changes, 

providing a system which is likely to have been co-opted by QMP.  

 

 



 177 

 
 

Fig 7.13 A stacked bar chart showing the percentage of female D. melanogaster within a group 
which; consume no food, consume enough food to colour 0 – 25 % of their abdomen, consume 
enough food to colour 25 % - 50 % of their abdomen, or consume enough food to colour over 
50 % of their abdomen. This is after treatment with either 26 Qeq QMP or a solvent control 
while under fed conditions for a 12-hour period. A Fisher’s exact test was carried out, and 
significance was determined by a p value < 0.05. n = 94 – 90 D. melanogaster per treatment. 
 

7.4.4 Ovariole number is not influenced by QMP exposure 

 

The findings that QMP induces changes in feeding behaviour prior to any changes in the ovary 

(Fig. 7. 12, 13), and that this behaviour is indicative of starvation suggests that QMP may be 

acting through nutrient sensing inducing starvation-like responses. If this is the case, then the 

ovary should show characteristic signatures of starvation, with cell death occurring at distinct 

stages (Pritchett et al., 2009). We know from previous work (Camiletti et al., 2013, Chapter 3 

Fig. 3.1) that QMP induces a reduction in the number of mature oocytes virgin D. melanogaster 

ovaries produce. This is effectively the end readout of this reproductive system. What remains 

unknown is how QMP is reducing the number of mature oocytes. It therefore raises two 

possibilities. The first, is that QMP acts by reducing the number of germaria (thereby whole 

ovarioles) within an ovary- effectively reducing the number of germline stem cell pools. With 

less stem cells, there will obviously be a flow on effect in seen in the reduction in the number 

of mature oocytes. The second possibility is that there is no reduction in the number of germaria 

or ovarioles, but instead checkpoints within the ovary are being activated after the germarium, 

triggering resorption or autophagy of the developing oocytes and decreasing the number of 
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oocytes that can progress through developmental stages until they reach maturity. In order to 

test these two hypotheses, D. melanogaster were treated with 26 Qeq QMP or solvent control 

for 12, 24 or 48 hours, ovaries were extracted, fixed and stained with DAPI to allow 

visualisation of their nuclei and overall morphology. The 48-hour group also contained a 

starvation control group, as a positive control to compare QMP induced morphological changes 

in the ovary with starvation induced changes in morphological changes.  

 

If QMP was acting to repress reproduction through inducing the loss of whole ovarioles, we 

would expect a decrease in the number of ovarioles seen in ovaries which have been exposed 

to QMP. Across the time course, regardless of treatment, the number ovarioles per ovary 

ranged from an average of 13-15, which was not significantly different between QMP treated 

and solvent controls (p>0.05 for 24- and 48-hour groups) (Fig. 7.14), and not capable of 

causing the vast differences in mature oocyte number we observe (Chapter 3 Fig. 3.1). 

Intriguingly, there was a significant reduction in the number of ovarioles after 12-hour of QMP 

treatment (p<0.05), however since the average number of ovarioles only differed by one (14 in 

controls, 13 in QMP), and this difference not reflected in any later time points, the biological 

significance of this is unclear. It therefore appears that QMP is not reducing the number of 

mature oocytes produced by an ovary by depleting the ovarioles, and removing the pools of 

germline stem cells. This therefore suggests that our second hypothesis may be correct- that 

QMP is inducing the activation of checkpoints to induce degradation after the germarium, 

before mature eggs are produced. 
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Figure 7.14 A bar chart showing the average number of ovarioles produced per ovary (khaki), 
and the average number of mature oocytes per ovary (blush) in D. melanogaster that have been 
exposed to 26 Qeq QMP or a control for 12, 24 or 48 hours, or starved for 48 hours. Each 
treatment contains n= 100+ ovaries. Statistical analysis carried out was a generalised linear 
mixed model analysis (GLMM), with significance being determined by a p value <0.05. 
 

7.4.5 Activation of early oogenesis checkpoint in response to QMP 

 

In order to investigate our hypothesis that checkpoints are being activated by QMP after the 

germline stem cell pool, but prior to production of mature oocytes, further classification of 

ovarian stages was carried out. It is known from the literature that starvation is capable of 

inducing two checkpoints within the D. melanogaster ovary causing autophagy of the 

developing oocytes (Pritchett et al., 2009). The first of these is early in oocyte development, at 

stage 2 a/b within the ovary, where the flow of oocytes mature is slowed down. The second of 

these involves the activation of the stage 9 checkpoint, inducing degradation of these oocytes. 

In order to investigate whether QMP and starvation are activating these checkpoints these 

checkpoints. To do this, DAPI stained ovaries being examined under a confocal microscope, 

and the number of stage 9 healthy, stage 9 degrading and stage 10 oocytes were (see Fig 7.15 

for examples). This was used as stage 9 healthy oocytes have obviously not had their 

checkpoint activated, and the stage 9 degrading have been activated. The stage 10 have 
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successfully passed through the checkpoint without degradation occurring. By looking at these 

counts it is possible to see how many oocytes reach the checkpoint, and pass through 

successfully. Conversely, it is possible to see what proportion are activated, and any flow-on 

effects this may have on oocytes reaching later stages of maturity. Figure 7.15 is an image 

panel showing the characteristics of oocytes at each stage of development (based on (Jia et al., 

2016)). This analysis was carried out in all ovarioles of D. melanogaster ovaries exposed to 26 

Qeq QMP or a solvent control for 12, 24 and 48 hours, as well as a 48-hour starvation group. 

 

 
 

Figure 7.15 An image showing a DAPI stained D. melanogaster ovary. Regions of interest are 
highlighted in context of ovarian morphology by jittered boxes. These include; the germarium 
(stage 2a/b), healthy stage 9 oocytes, stage 9 oocytes undergoing degradation, and stage 10 
oocytes.  
 

After oocyte stages were classified, one way to look for evidence of an early checkpoint 

activation is through the ratio of germaria to stage 9, degrading and stage 10 oocytes. If there 

is a steady flow of unimpeded progress from the germarium to stage 9 and beyond, one can 

imagine that a ratio of 1:1 can be expected (see Fig 7.16 for visualisation). This would indicate 

that for every germarium in an ovary, one oocyte is produced that makes it to the second 

checkpoint (at the point of observation). If this was the case, there would be no activation of 

an early checkpoint hindering the progress of oocyte development. However, if this ratio drops 

below 1:1, it would suggest that there is a decrease in the number of oocytes passing from the 

germarium to the second checkpoint. In this way, evidence of an early checkpoint activation 

was investigated.  
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Figure 7.16 An image of how early checkpoint activation is likely to affect the ratio of 
germarium to stage 9 oocytes in D. melanogaster ovaries. If there is no checkpoint activation, 
the flow of oocytes from the germarium to stage 9 will be unimpeded, and the ratio will likely 
be ~ 1:1. If checkpoint activation does occur (denoted by the red X), then the flow of oocytes 
will be slowed, and less will reach the stage 9 checkpoint, causing the ratio to fall below 1:1. 
Ovariole image from Wineland et al., 2018, used by permission. 
 

It was found that QMP and starvation both led to a decrease in the ratio below 1:1 (represented 

numerically as 1.0) (Fig. 7.17). This trend was not observed at 12 hours (germaria producing 

0.87 or 0.84 oocytes reaching the stage 9 checkpoint for control and QMP respectively), 

however it has already been previously established that QMP does not appear to have an effect 

in the ovary within the first 12 hours of exposure (Chapter 3 Fig 3.3). After 24 hours, however, 

each germarium in the control was producing the anticipated 1:1 ratio, (1.01) which reached 

stage 9, 10 or degraded. The 24 hour QMP, however, produced only 0.79 oocytes which 

reached this stage, indicating QMP is reducing the flow of oocytes that pass from the 

germarium to stage 9 by ~ 20 % (Fig. 7.17). This difference was even more extreme by 48 

hours, where once again the control produced the most oocytes reaching stage 9 (0.95), whereas 

the control produced roughly half of that (0.51). This is indicative of a significant reduction in 

the number of oocytes reaching the second checkpoint at stage 9, showing that an earlier 

checkpoint must be active. This trend did not significantly differ from the effects observed after 

48 hours of starvation (0.47), indicating that as far as early checkpoint activation is concerned, 

being exposed to QMP for 48 hours is equivalent to 48 hours of starvation.  
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Figure 7.17 A bar chart showing the ratio of germarium in a D. melanogaster ovary versus the 
number of oocytes that reach stage 9, 10 or are degraded at stage 9. This is after 12, 24 or 48 
hours to 26 Qeq QMP (yellow) or a solvent control (orange). Also included is a positive control 
for starvation at 48 hours (green). A ratio of 1:1 indicates that for every germarium, one oocyte 
reaches the stage 9 checkpoint. A ratio of less than this is indicative of a reduction in the number 
of oocytes which reach stage 9, showing evidence of the repressive effects of an early 
checkpoint in oocyte maturation being activated. Statistical analysis carried out was a 
generalised linear mixed model analysis (GLMM), with significance being determined by a p 
value <0.05. n = 64 – 100+ ovaries per treatment. 
 

7.5.6 Activation of stage 9 checkpoint leads to oocyte degradation 

 

We had evidence that the number of germaria did not differ between treatments (Fig. 7.14), yet 

the number of oocytes that reached the stage 9 checkpoint was decreased by QMP exposure 

(Fig. 7.17) This was indicative of the activation of the early checkpoint, consistent with the 

literature on the starvation response in the D. melanogaster ovary (Pritchett et al., 2009). 

Starvation, however, is also associated with the activation of a second checkpoint, one at stage 

9 of oocyte maturation (Pritchett et al., 2009). In the previous investigation of ratios (discussed 

above), it became clear that there was significantly more stage 9 degradation in response to 

both QMP exposure, and starvation (Fig. 7.17). A representative panel of images is shown in 
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Fig. 7.18. It was obvious that both of these environmental factors induced an increase in 

degradation. In order to more stringently show this, the previously collected data on number of 

stage 9 healthy, stage 9 degrading and stage 10 oocytes was further analysed. As the number 

of oocytes reaching this stage has been previously shown to differ with QMP treatment or 

starvation, comparing absolute measurements of these stages is confounded by the action of 

the previous checkpoint. In order to more accurately show the activation of the stage 9 

checkpoint, the number of stage 9 healthy, stage 9 degrading and stage 10 were analysed as 

portions of oocytes which had reached these stages. For instance, a group with many stage 9 

healthy oocytes and little degradation would likely have a good proportion of oocytes passing 

through the checkpoint to stage 10. However, if there is significant activation of the checkpoint, 

one might expect a corresponding decrease in healthy stage 9, and less passing through to stage 

10. 

 

 
 

Figure 7.18 A panel showing a representative image of DAPI stained D. melanogaster ovaries 
from individuals that have been fed and exposed to 26 Qeq QMP, or a solvent control for 48 
hours, or starved and exposed to a solvent control for 48 hours. Highlighted by small white 
boxes are either healthy stage 9 oocytes (seen in the control), or stage 9 oocytes undergoing 
degradation (QMP and starved). 
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Figure 7.19 A bar chart showing the oocytes in D. melanogaster ovaries at stage 9, stage 9 
degrading, and stage 10 as a proportion. D. melanogaster have been exposed to 26 Qeq QMP 
or a solvent control for 12, 24 or 48 hours. A positive control for starvation is included at 48 
hours. Each group contains n= 60+ ovaries. Statistical analysis carried out was a generalised 
linear mixed model analysis (GLMM), with significance being determined by a p value <0.05. 
n = 64 – 100+ ovaries per treatment. 
 
There was no significant difference observed in proportions of oocytes at or around the stage 

9 checkpoint after 12 hours of QMP exposure (Fig. 7.19). The control and QMP treated had 

71.3 % and 71. 6 % of their oocytes as healthy stage 9, with a slight increase in depredation 

seen in response to QMP, from 1.6 % to 4%, and a corresponding decrease in stage 10 oocytes 

in QMP treated from 27.1 % in the controls, to 24.4 % in the QMP treated. However, these 

differences were non-significant, in concordance with our other work showing that there is no 

difference in morphology or gene expression after 12 hours of exposure (Chapter 3 Fig 3.3, 

Chapter 6). After 24 hours of exposure there was a significant difference in the proportions 

between the control and QMP treated. The number of healthy stage 9 oocytes did not differ 

greatly, with controls having 68.6 % and the QMP having 72.2 %. However, the controls only 

had 5.4 % of their oocytes degrading, as opposed to the 19.6 % degradation observed after 

QMP treatment- a roughly 4-fold increase (Fig 7.19). This flowed on to a decrease in the 

number of oocytes reaching stage 10, with controls having 26 % passing through the 
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checkpoint, and the QMP having only 8.2 %. The greatest difference was observed after 48 

hours of exposure. The control group had 70.5 % of the oocytes healthy at stage 9, whereas the 

QMP treated had only 56. 3 %. The greatest difference was seen in the degradation, with only 

13. 2 % of the control oocytes degrading, compared to 33.5 % of the QMP treated. This was 

reflected in a reduction in the number of oocytes passing to stage 10, with the controls having 

16.3 %, and the QMP treated having 10.2 %. These differences in proportions of oocytes 

around, or being activated by the stage 9 checkpoint was significantly different at 48 hours 

between the control versus 26 Qeq QMP and starved. The QMP and starved, however, were 

not significantly different, both showing high levels of activation of the stage 9 checkpoint, 

with 33.5 % and 34.8 % of the oocytes degrading at this stage. This suggests once again that 

the ovarian phenotype observed in response to QMP is consistent with starvation.  

 

7.5 Discussion 

 

This study aimed to investigate the evolution of eusociality- in particular the mechanisms 

through which QMP was acting to repress reproduction in D. melanogaster. In our analysis, 

we had found no single mechanism or pathway that seemed to underpin this response, unlike 

the clear role of Notch cell signalling in the worker honey bee response (Duncan et al., 2016). 

However, QMP is capable of repressing oogenesis in D. melanogaster, which diverged from 

the Apis mellifera lineage ~300 million years before the evolution of QMP even began (Misof 

et al., 2014; Peters et al., 2017). This is indicative of QMP targeting ancient, highly conserved 

pathways for regulating reproduction in response to an environmental stimulus. It also suggests 

that in order to do so, QMP might mimic this signal.  

 

To investigate this, feeding trials were carried out which showed that D. melanogaster exposed 

to QMP appear to be under the impression they are starving, even in with ad libitum food 

provision. It also appears to be a sustained starvation signal, as they consume large quantities 

of food without nutrition signalling presumably feeding back to the brain to register satiation. 

This provided evidence that QMP may be mimicking starvation signals, or co-opting 

starvation/nutrition-sensing pathways to repress reproduction. We also showed that this 

starvation feeding behaviour is established prior to any changes in ovarian phenotype or gene 

expression- indicative of the starvation signal acting upstream of the ovary initially.  
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Our investigation of ovarian morphology to look for signatures of starvation has shown that 

that there are clear consistencies in phenotype with starved ovaries. It was found that the 

number of ovarioles did not differ greatly regardless of time or condition. This means each 

ovary has theoretically equivalent pools of germline stem cells, and thereby similar 

reproductive potential. In light of this, the stark differences in reproductive output are therefore 

the result of the regulation of oogenesis- through the activation of checkpoints. The first of 

these is located in region 2 a/b of the germarium (Drummond-Barbosa and Spradling, 2001), 

the second is at stage 9 of oocyte development (Pritchett et al., 2009). The effects of early 

checkpoint activation could be determined by investigating the number of oocytes reaching the 

second checkpoint at stage 9. Since we have determined there was no difference in the number 

of germaria, the only way one would observe a reduction in the number of oocytes reaching 

the second checkpoint is through activation of the first checkpoint. This was determined based 

on a ratio, where we determined there was a reduction in the number of oocytes passing through 

the first (2a/b) checkpoint and reaching the second (stage 9) checkpoint.  

 

This decrease in ratio was not observed after 12 hours of exposure to QMP. Logic would 

suggest that QMP is being initially sensed, then the signal is transduced to the ovary to induce 

repression. That we see no changes in gene expression, or phenotype within the first 12 hours 

of QMP exposure indicates that the initial sensing and signal transduction is likely occurring 

within this timer period, in tissue(s) or pathways which are upstream of the ovary. However, 

after 24 hours of QMP exposure only three quarters of the number of oocytes were reaching 

the second checkpoint, and after 48 hours of QMP exposure, the amount of oocytes reaching 

the second checkpoint was only half of that observed in the controls- a very significant decrease. 

The magnitude of this decrease was the same as that observed in response to 48 hours of 

starvation- indicating that the first checkpoint had been activated to the same extent by both 

QMP exposure and starvation. This further supports the concept that QMP has the same effect 

on the D. melanogaster ovary as starvation.  

 

As there was evidence of activation of one of the two characteristic checkpoints of starvation, 

we next looked for evidence of activation of the second. This was characterised by nurse cell 

nuclear condensation and fragmentation (Pritchett et al., 2009). This was seen early as large 

nuclei that were beginning to show irregularities in brightness and shape, and later as bright, 

small, irregular nuclear fragments. This was a very stark phenotype, seen frequently in ovaries 

from D. melanogaster which had been exposed to QMP. We determined what proportion of 
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stage 9 oocytes were healthy, which were degrading due to checkpoint activation, and how 

many had passed successfully through the checkpoint to stage 10. Through this analysis, we 

were able to show that once again 12 hours of QMP exposure had no effect on the ovary. After 

24 hours of QMP exposure there was a clear increase in the number of degrading oocytes, with 

the QMP treated having ~4 times as many when compared to the controls. The most obvious 

difference was once again after 48 hours of QMP exposure, where roughly a third of all the 

oocytes at stage 9 or 10 were being degraded- a significant loss. This same trend was observed 

in the starved controls. Therefore, there is the same level of stage 9 checkpoint activation in a 

D. melanogaster ovary in response to either 48 hours of starvation or 48 hours of QMP 

exposure. In regards to checkpoint activation, starved ovaries-or those exposed to QMP for an 

equivalent time period- are indistinguishable. This again supports the concept that QMP is 

acting through nutrition sensing pathways.  

 

The most likely genetic mechanisms which is underlying this phenotype of starvation are those 

associated with nutrition signalling. Insulin signalling, for instance, provides a good candidate. 

D. melanogaster possess eight insulin-like peptide genes (DILP 1-8), which bind a single inulin 

receptor InR (Brogiolo et al., 2001; Colombani et al., 2012; Fernandez et al., 1995; Garelli et 

al., 2012; Grönke et al., 2010). D. melanogaster are somewhat unusual within the insects in 

regard to their single InR, as the ancestor of all insects possessed two InR, a feature which has 

been maintained in many insects. The Diptera have lost a copy of the InR, whereas the 

Blattodea (termites and cockroaches) have gained a copy (Kremer et al., 2018). However, 

insulin-like peptides which bind these InR range drastically within the arthropods, with ants 

and honey bees possessing just two Ilps (Chandra et al., 2018; Weinstock et al., 2006), through 

to an estimate of 38 within the silk moth Bombyx mori (Aslam et al., 2011; Kawakami et al., 

1989; Kondo et al., 1996; Tsuzuki S, Masuta T, Furuno M, Sakurai S, 1997; Yoshida et al., 

1998). This suggests that insulin signalling genes have undergone a variety of duplications 

within the arthropods- potentially allowing for the evolution of novel roles. For instance, in D. 

melanogaster the eight dILPs have a variety of functions. Broadly speaking their role is to 

balance stored and circulating carbohydrates and regulate metabolism (Semaniuk et al., 2018). 

It is also involved in the accumulation of fat mass- by controlling adipocyte cell number and 

triglyceride storage, a feature conserved across evolution  (DiAngelo and Birnbaum, 2009). 

Other roles include the supressing gluconeogenesis and inducing glycolysis in cells 

(Musselman et al., 2011).  
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In terms of broad biological processes insulin signalling is involved in, its actions range from 

affecting lifespan (Broughton et al., 2005, 2010; Clancy et al., 2001; Kučerová et al., 2016; 

Post et al., 2018; Tatar et al., 2001), oxidative stress response (Broughton et al., 2005; Grönke 

et al., 2010; Kenyon, 2005), starvation resistance (Broughton et al., 2005; Grönke et al., 2010), 

response to odour signals (Root et al., 2011), feeding behaviour (Cognigni et al., 2011; 

Semaniuk et al., 2018; Söderberg et al., 2012; Wu et al., 2005; Zhao and Campos, 2012), 

immunity (Lee and Lee, 2018; McCormack et al., 2016; Musselman et al., 2018a, 2018b; Roth 

et al., 2018), diapause (Kubrak et al., 2014; Kučerová et al., 2016; Sim and Denlinger, 2013; 

Tatar et al., 2001; Williams et al., 2006) and reproduction (Broughton et al., 2005; Grönke et 

al., 2010; Hsu and Drummond-Barbosa, 2009; Kučerová et al., 2016).  

 

The DILPs 2, 3 and 5, which are released from the insulin producing cells (IPCs) within the D. 

melanogaster brain (Cao and Brown, 2001; Géminard et al., 2009; Rulifson et al., 2002). DILP 

3 is also produced in the adult midgut, from muscle cells, and DILP5 can be found in the follicle 

cells of the ovary (Brogiolo et al., 2001; Söderberg et al., 2012; Veenstra et al., 2008). Other 

DILPs of interest include DILP 7, which has been discovered in the thoracic-abdominal ganglia, 

as well as in the axons which innervate the female reproductive tract (Brogiolo et al., 2001; 

Miguel-Aliaga et al., 2008; Yang et al., 2008). Lastly, DILP 6 which is associated with adipose 

cells of the fat body (Okamoto et al., 2009). Overall, one can see the insulin signalling is 

associated with many regions of the D. melanogaster likely to be key to reproductive response 

to nutrition, from the brain to the gut, fat body and ovary. In fact, many of the characteristic 

phenotypes of the response to QMP in D. melanogaster are changes one might expect if insulin 

signalling had been disrupted.  

 

Previous work investigating the role of insulin signalling has shown that ablation of IPCs 

(therefore reducing ILP 2, 3 and 5) sufficient to extend the lifespan of D. melanogaster, in a 

way that interacts with dietary restriction also (Broughton et al., 2005, 2010). This lifespan 

extension is a feature we observe in response to QMP (Fig 7.2). Reduced IPC activity has also 

been associated with resistance to oxidative stress (Broughton et al., 2005), with DILP 2 and 3 

in particular being important for this stress response (Grönke et al., 2010). Changes in the 

oxidative stress response may be involved in the response to QMP, suggested by changes in 

gene expression in RNA-seq (Chapter 6). Sensory information is also regulated by DILPs, as 

they can act on how odour signals are perceived by antennae (Root et al., 2011), which may 

have implications for the sensing and persistence of the QMP signal. Other features of interest 
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are also regulated by insulin signalling, such as changes in immunity in D. melanogaster. For 

instance, disrupting the signalling of insulin in D. melanogaster led to a lower bacterial load 

post infection with either an insect pathogen, or non-pathogenic bacteria (McCormack et al., 

2016), a trend shared with exposure to QMP (Fig 7.4). Chico null mutants (fully disrupting 

insulin signalling) are sterile, and unable to produce oocytes which progress to vitellogenin 

stages (stage 8 onwards) (Richard et al., 2005), meaning they would never reach the second 

checkpoint of oocyte maturation for this study. That QMP exposed females are still capable of 

producing mature vitellogenic eggs would suggest that insulin signalling has not been 

completely ablated in this system, more likely reduced or partially disrupted. This could be 

investigated by measuring the expression levels of the insulin signalling genes in response to 

QMP exposure in the brain and ovary.  

 

Many of these features appeared to be diapause-like, which is perhaps not surprising given the 

close link between insulin signalling and diapause (Sim and Denlinger, 2013; Tatar et al., 2001). 

The possibility of QMP altering insulin signalling to induce a diapause-like state is not 

precluded here, it is simply not consistent with one aspect of diapause- the feeding behaviours 

induced by QMP. The generation of dilp1-5 mutants also resulted in individuals which had 

significantly reduced fecundity (Zhang et al., 2009), as well as metabolic signatures which 

were indicative of ‘starvation in the midst of plenty’- both of which are features that we have 

observed in D. melanogaster which have been exposed to QMP. Perhaps the strongest 

phenotype is that of feeding behaviour, where IPC ablation increases feeding behaviour 

(Cognigni et al., 2011; Söderberg et al., 2012). A recent study has shown that a lack of DILP 

4, 5 or 7 leads to a significant increase in food consumption regardless of diet, with DILP 2 or 

3 having the same effect but only on high protein diets (Semaniuk et al., 2018). Taken together 

with all of the data combined, it would appear that QMP is likely affecting insulin signalling, 

leading to all of the phenotypes discussed above.  

 

In order to ascertain further the role of insulin signalling, it would be useful to observe whether 

D. melanogaster mutant for DILP 1-8 are capable of responding to QMP. The most informative 

way to do this would be through overexpression studies, to investigate whether the response to 

QMP can be disrupted.  Or perhaps more broadly, by quantifying dilp levels in the brain, fat 

body and ovary of D. melanogaster in the presence or absence of QMP- one could test for 

changes associated with reproductive state. For instance, if changes can be found in the brain 

within the first 12 hours of QMP exposure, this would suggest that QMP is altering insulin 
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signalling, changing appetite regulation, leading to downstream ovarian repression. The key 

insulin genes could also be ascertained by monitoring changes in haemolymph also. For 

instance, haemolymph glucose is affected by dietary yeast in dilp3 and dilp7 D. melanogaster, 

whereas dilp2 and dilp5 flies are not (Semaniuk et al., 2018). DILP3 is involved in 

haemolymph trehalose concentration, whereas DILP 2 and 5 are involved in regulation of 

glycogen accumulation (Semaniuk et al., 2018). Therefore, the changes in haemolymph 

associated with QMP status could also give a functional indication of insulin changes. As could 

whole body analysis of trehalose, dependent also on diet (described in detail in (Semaniuk et 

al., 2018)). There are therefore many avenues for further investigation into whether insulin 

signalling has been co-opted by QMP, and if so, the mechanisms by which this is regulated.  

 

 
Figure 7.20 A diagram showing the overall proposed action of QMP within the D. 
melanogaster ovary. It acts in two ways. Firstly, by activating the early checkpoint at stage 
2a/2b, decreasing the flow of oocytes which pass on to stage 3 and beyond. This means fewer 
oocytes reach the stage 9 checkpoint. Of those that do, QMP then induces activation of the 
stage 9 checkpoint, leading to degradation of these oocytes, meaning fewer oocytes pass to 
stage 10 and beyond. The combined action of these checkpoints reduces the number of mature 
oocytes produced by D. melanogaster in the presence of QMP, leading to reproductive 
repression. Ovariole image from Wineland et al., 2018, used by permission. 
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When this data is combined, it appears that QMP is initially sensed (the exact mechanism of 

which remains unknown, although likely involves odorant and/or gustatory receptors, see 

Chapter 3 and (Camiletti et al., 2016)), and either mimics the effects of starvation, and/or has 

co-opted the starvation response pathway- likely through insulin signalling. This induces the 

behavioural phenotype of increased food intake. This appears to be decoupled from normal 

nutrition sensing, as this is a sustained starvation signal- with large quantities of food are 

consumed without satiation being achieved- starvation in a sea of plenty. This signal is 

transduced to the ovary, where the early checkpoint activation in region 2a/b of the germarium 

decreases the flow of oocytes which progress to later stages of oogenesis. Of those oocytes that 

do progress, more are then degraded at stage 9 with the activation of the second checkpoint. 

The combined action of both of these checkpoints leads to an overall decrease in the number 

of mature oocytes produced, giving the phenotype of reproductive constraint in response to 

honey bee QMP. This is the first time a mechanism by which QMP is acting to repress 

reproduction in the D. melanogaster ovary has been demonstrated. It obviously provides great 

opportunities for further studies into the genes and pathways which underlie this response, how 

this putative starvation signal is being sensed- as well as how QMP is capable of mimicking 

this signal.  
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Chapter 8: Discussion 
 
 
8.1 Evidence for ancient, conserved and redundant signalling pathways being co-opted by 

QMP 

 

The evolution of eusociality has long been an area of intense interest, particularly given the 

repeated independent evolutions of this life strategy (Grimaldi and Engel, 2005). In itself, this 

suggests that there are likely common mechanisms for responding to environmental signals 

which may have been repeatedly co-opted to function in this social system (as opposed to the 

evolution of completely new mechanisms each time eusociality arises) (West-Eberhard, 1996). 

This would mean that these mechanisms which were once responsive to stressors or alterations 

in the environment, are now also (or entirely) regulated by a new input signal, like QMP. In 

order for these mechanisms to be present in the wide range of species which have evolved 

eusociality, they must be ancient and highly conserved- a process or response which is almost 

ubiquitous. In order to meet these criteria, this mechanism is also likely difficult to escape 

repression from- with modifications to this having a high fitness cost. This has sparked many 

theories of how this social structure may have arisen (Hamilton, 1964a; Nowak et al., 2010; 

West-Eberhard, 1975). There has also been much focus on the circumstances under which 

eusociality evolves (Hunt, 2012; Toth and Robinson, 2007). However, what is first required to 

help support these theories is a solid understanding of the mechanisms which underlie it. In 

order to further our understanding of these, in this thesis I aimed to identify the mechanisms 

by which QMP represses reproduction in D.  melanogaster, and further our understanding of 

the evolution of eusociality.  

 

Eusociality often relies on chemical control, whereby the dominant female(s) will produce a 

pheromone which induces repression in the subordinate caste. The most well studied of these 

is Queen Mandibular Pheromone (QMP), produced by queen Apis mellifera (honeybees) 

(Pankiw et al., 1996; Pham-Delègue et al., 1993; Slessor et al., 1988). Interestingly, QMP 

appears to have a broad repressive effect, repressing organisms 560 million years diverged 

from A. mellifera (Carlisle and Butler, 1956). One of the species that is reproductively 

repressed by QMP is D. melanogaster (Camiletti et al., 2013; Sannasi, 1969). D. melanogaster 

provides an excellent opportunity to determine the mechanisms through which QMP is acting 

in a species which has undergone no selection for eusociality. As such, any mechanisms which 
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I identified are potentially ancestral-like, providing insight into the processes which were 

initially co-opted to be regulated by QMP in honeybees, and likely tweaked and elaborated on 

over evolutionary time.  

 
Evidence for this concept has been demonstrated in a variety of ways within this thesis. Firstly, 

in Chapter 3, support was shown for the concept that D. melanogaster are reproductively 

repressed by QMP (Camiletti et al., 2013; Sannasi, 1969, Lovegrove et al., in press). It was 

shown that this was in a dose-dependent manner, with a dose 26 times greater than that 

produced by a queen honeybee per day being required to repress only 10 D. melanogaster. This 

is a far higher dose than what it used to regulate an entire honeybee hive, consisting of 

thousands of workers (Pankiw et al., 1996). As such, it shows that despite there being 

commonalties in response, D. melanogaster show a reduced sensitivity to QMP when 

compared to worker honeybees. This is mostly likely a by-product of QMP having co-evolved 

with worker honeybees, selecting for an increase in sensitivity, a process that has not occurred 

in D. melanogaster. When work was done delving into identifying these ancestral mechanisms- 

through mutagenesis coupled with selection for individuals with a high reproductive output in 

the presence of QMP- I discovered that escape from QMP repression was difficult to evolve 

(Chapter 4). This is perhaps not surprising, given that QMP has evolved over the last 55 million 

years to effectively repress reproduction in A. mellifera (Peters et al., 2017). However, our 

mutagenesis theoretically mutated every gene in the genome, and yet no escape was observed. 

It is probable that at least some key pathways were disrupted through this mutagenesis. 

Therefore, the lack of observable phenotype indicates these mechanisms are vital for life- with 

their modification leading to a fitness cost so high that they were lost from this study. For 

instance, any mutations which severely delayed normal development, or impeded an 

individual’s ability to regulate their nutritional status or immunity may have not survived in 

this study. As these pathways are therefore essential for survival, it indicates that they are also 

likely to be ancient and conserved.  

 

My mutagenesis experiment also showed that this is a highly complex, redundant signalling 

system, particularly in the sensing of QMP. The likelihood that no phenotype was observed 

after this experiment is surprising. However, if one considers how QMP is sensed, it is perhaps 

less so. QMP contains five semiochemicals (Slessor et al., 1988), which may all have different 

receptors, or even mechanisms of action. HVA, for instance, is known to bind dopamine 

receptors (Beggs and Mercer, 2009). The other components, therefore, likely bind other 
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receptors. This provides the fodder for a system with either (or perhaps both) high redundancy, 

and synergistic effects. There is support for both of these, seen in this thesis where methylp-

hydroxybenzoate (a component of QMP), was unable to induce reproductive repression 

singularly, but acted synergistically to potentiate the effects of QMP when provided together 

(Chapter 3). Also, in Chapter 5, the disruption of dopamine with low doses of iodo-tyrosine 

was able to disrupt the repressive effects of QMP, implying a role for dopamine signalling in 

this process. Providing HVA on its own, however, did not induce a response, adding further 

complexity and potential synergy to this system. It would appear that the lack of phenotype 

observed after mutagenesis may be indicative of redundancy in this sensing system preventing 

the sensing of this response from being completely abolished, as a single sensing pathway may 

have been targeted, but others were likely able to compensate. Without identifying the specific 

pathways involved in these processes is it difficult to determine whether the lack of phenotype 

generated by my mutagenesis experiment was due to the disruption of vital pathways leading 

to fitness costs, or whether there were redundant compensatory mechanisms present in the 

sensing of QMP. It is quite possible that it is a combination of both of these factors.  

 

Some of the strongest evidence for multiple mechanisms and redundancy comes from 

experiments in this thesis where the major sources of odorant receptors (ORs) were removed 

from D. melanogaster and they were still reproductively repressed by QMP (Chapter 3), 

showing ORs are not necessary for this response. However, previous work where the OR 

coreceptor orco was disrupted, produced an intermediate phenotype of repression (Camiletti et 

al., 2016). This shows that of the loss of ORs only partially disrupts QMP sensing, suggestive 

of another sensing mechanism. The work in this thesis on A. mellifera has also shown that 

physical contact is required by worker bees to sense QMP (Chapter 3), meaning the traditional 

assumption of an olfaction based antennal system is not sufficient to induce repression. Taken 

together, these data would suggest that the different components of QMP may be acting on 

different types of receptors, and may be doing so in a synergistic fashion. Future work on initial 

screening could be carried out with a cell culture based method. This would de-orphaning of 

receptors in cell culture, and rapidly screening many ORs in 96-well plates (Corcoran et al., 

2014), looking for activity based on single components, or blends of QMP. Further work could 

be done in D. melanogaster by mutating specific ORs and GRs identified in initial screening, 

then exposing the mutants to QMP. This would allow one to ascertain whether specific 

receptors have a role. Likely, the loss of sensing of a single component would not produce a 
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total loss of repressive phenotype. However, a small decrease in repression could indicate a 

role in sensing of QMP. 

 

At this point in time, there have been multiple layers of redundancy identified in the way queen 

honeybees repress their workers. It has been shown that single components of QMP (9-ODA 

and 9-HAD) are both capable of repressing worker honeybees singularly, to the same extent as 

whole QMP (Princen et al., 2019). Repression is also induced by cuticular esters (which are 

part of the more common pheromone control system present in the Hymenoptera) (Princen et 

al., 2019). In this thesis, I presented data which suggested that there may in fact be yet another 

layer of redundancy. That is that QMP may not only act to repress ovarian function, but also 

to regulate oviposition (egg laying). The majority of D. melanogaster used in this thesis were 

virgins, and as such could not produce viable offspring, or even lay eggs. However, when mated, 

QMP also acted to repress reproduction. When compared to the virgin controls, the mated 

showed a reduction in the number of eggs, presumably due to laying activity. However, the 

QMP mated individuals did not (Chapter 3). This might suggest that even though they 

possessed mature eggs, they were either unable to fertilise them, or oviposit them. Further hints 

of this were seen in the mutagenesis screen, where those individuals which had been selected 

to escape from QMP repression, showed greatly reduced rates of laying after 24 hours, despite 

having the same number of mature oocytes. It is possible that in the attempt to disrupt QMP 

signalling, this phenotype was produced in response to QMP exposure. This is obviously 

insufficient evidence; however, it is an avenue for further work- exposing mated females to 

QMP, and observing whether they are capable of fertilising their eggs, and ovipositing. It 

would also be interesting to take older, more fecund females, and observe whether their rates 

of laying are reduced in response to QMP. This could conceivably be done over a time period 

in which the overall oocyte maturation process would not be impeded by QMP, simply whether 

the laying of eggs was disrupted. If this is the case, it provides yet another avenue of 

redundancy in this repressive system. The benefits of which are immediately obvious. If a 

worker honeybee is able to escape reproductive repression, and produce mature eggs in the 

presence of QMP, then this could be a mechanism for preventing her actually laying those eggs 

(fertilisation is not an issue, as workers produce haploid male offspring). It is possible that 

components of QMP which do not have an obvious effect of ovarian anatomy, may in fact be 

functioning in other ways- the regulation of laying may be one of these.  
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8.2 Identification of first known mechanism of action of QMP in D. melanogaster 

 

In an attempt to discover the mechanism by which D. melanogaster are repressed by QMP, 

RNA-seq was carried out. This provided no clear singular gene or pathway, unlike that of Notch 

cell signalling discovered to be key in honeybees (Duncan et al., 2016). Notch is both ancient, 

highly pleiotropic, and leads to significant downstream alterations in gene expression 

(Andersson et al., 2011). In this way, it is therefore vital for life, difficult to escape repression 

from, is known to be environmentally responsive, and is associated with a variety of biological 

processes. Instead, what was discovered in our RNA-seq data, was a variety of genes changing 

their expression, and these being associated with processes such as reproduction, reduction-

oxidation, immunity, metabolism, nutrition signalling, transmembrane transport and protein 

processes (Chapter 6), all of which are characteristic of a state of diapause. Diapause itself is 

the arrest in either development or activity that is induced in response to or in advance of 

environmental changes (Denlinger, 2002; Denlinger and Armbruster, 2014). Diapause can 

occur at many life stages; egg, larval or adult (Denlinger, 1986, 2002), in this case, it would be 

specifically reproductive diapause. This was coupled with the knowledge that as QMP did not 

evolve to act in D. melanogaster, and as such must be mimicking an environmental influence. 

Combined, this led to the hypothesis that QMP may be co-opting existing diapause pathways- 

which allow an individual to respond reproductively to changes in the environment, but now 

induce repression in response to QMP. 

 

Evidence to support a diapause hypothesis was not limited to RNA-seq, but was instead present 

in the shallow repression in response to QMP, and subsequent recovery in reproductive activity 

after QMP was removed (Chapter 3), the increased lifespan of individuals exposed to QMP 

(Chapter 7), as well as the stark increase in immune function of those individuals exposed to 

QMP (Chapter 7). However, the last predicted outcome of diapause was not observed, that of 

reduced food intake. Instead D. melanogaster exposed to QMP significantly increased their 

food intake (Chapter 7). What was most surprising about this, is that there was no difference 

in food intake behaviour between an individual which had been starved for 48 hours, or one 

which had been exposed to QMP for 48 hours (Chapter 7). This can be interpreted as their 

being phenotypically no difference between being starved, and being exposed to QMP- 

providing extremely strong evidence for QMP potentially co-opting nutrition pathways. 

Further adding to this, in the ovary itself, this thesis shows that there was no difference in the 

number of mature eggs produced by starved or QMP exposed D. melanogaster. Preceding this 
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end readout of fecundity, we see the same levels of activation of the 2a/b ovarian checkpoint- 

where the number of oocytes which progress out of the germarium and on to stage 9 is reduced 

by approximately 50 % after QMP exposure or starvation (Chapter 7). After reaching the stage 

9 checkpoint, a further 30 % are then degraded under both of these conditions. The combined 

action of both of these checkpoints serves to drastically reduce the reproductive capacity of a 

female D. melanogaster which has been exposed to QMP.  These are known phenotypes of 

starvation in the ovary (Pritchett et al., 2009), which is consistent  with QMP having co-opted 

nutrition signalling pathways.  

 

What is also interesting about the discovery of these two checkpoints being activated, is that 

this appears to be a nice synthesis of the existing literature of the known (or hypothesised) 

action of QMP in worker honeybee ovaries. Duncan et. al have shown that within the 

germarium, Notch cell signalling is regulating the worker response to QMP, whereby active 

Notch signalling maintains a steady state of quiescence. However, once QMP is removed, 

Notch signalling is lost in the germarium, and activation occurs. The activity of the 2a/b 

checkpoint in the D. melanogaster germarium may be concordant with this. The investigation 

into the role of Notch cell signalling within the germarium in D. melanogaster did not show 

any discernible difference in the Notch-responsive gene E(Spl)m3-HLH (Chapter 5), 

suggesting that although similar regions or checkpoints within the ovary are being used, it may 

not be through the same mechanism as in A. mellifera. The second parallel to the honeybee 

literature is with the apoptosis observed in stage 9 oocytes in D. melanogaster. In honeybees, 

it has been proposed that cell death is vital to the action of QMP- underpinned by the gene 

PMP34 or Anarchy (Ronai et al., 2015). The cell death in D. melanogaster in response to QMP 

appears consistent with this hypothesis. The finding of apoptosis in D. melanogaster in 

response to QMP provides a catalyst for further research of cell death within the worker 

honeybee ovary. Therefore, overall, the ovarian phenotype in D. melanogaster first described 

in this thesis, appears to be a biological synthesis of the phenotypes observed in honeybee 

ovaries.  

 

The direction in which nutrition signalling was acting was also determined- i.e. was a change 

in nutritional status occurring before or after reproduction was repressed? After 12 hours of 

QMP exposure there was no difference in the number of mature oocytes (Chapter 3), the 

activation of stage 2a/b or stage 9 ovarian checkpoints (Chapter 7), and no differentially 

expressed genes in the anterior portion of the ovary (Chapter 6). This provides some evidence 
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that QMP is not acting on the ovary within this time span. Therefore, when individuals which 

had been exposed to QMP for 12 hours exhibited an increase in food intake behaviour, prior to 

any discernible change in the ovary (Chapter 7), it provided a possible direction of action for 

this system. QMP appears to first induce an increase in food intake behaviour, consistent with 

starvation, which indicates an action through nutrition signalling pathways. What is interesting 

about this food intake behaviour, however, is that it appears to be a sustained signal. The D. 

melanogaster eat without reaching satiation within the test period. Instead, it appears that even 

while they are in an environment with an abundance of resources, they are physiologically 

under starvation conditions. It would appear that the signalling system within the brain which 

regulates nutritional status, food intake behaviour and satiation is therefore disrupted, or 

hijacked, by QMP. This can be viewed as a decoupling, between actual and perceived 

nutritional status. Further work into this would shed light on the exact mechanism by which it 

is acting. For instance, carrying out RNA-seq on the brains of individuals exposed to QMP 

across a time course could provide insight into the key genes regulating this process. From here, 

the localisation and changes in expression level of the most highly differentially expressed 

genes could be visualised with a technique such as hybridisation chain reaction (HCR) (Choi 

et al., 2018). This would allow any changes in temporal, spatial or expression levels of genes 

of interest to be visualised. In turn this could provide valuable insight into the changes or roles 

of any key genes within this process. Including both a non-QMP exposed control, as well as a 

starved control would allow for investigation into whether all of this response can be explained 

by co-option of nutrition pathways.  

 

It is not outside of the realm of possibility that other environmental influences (such as stress, 

ageing, cold exposure, oxidative stress or infection) are also capable of repressing reproduction, 

through the use of similar pathways. It may be that despite many different environmental 

signals being received, these all funnel into a single mechanism by which ovarian activity is 

regulated. In a similar principle to how QMP acts through existing pathways, perhaps all 

external signals which regulate reproduction simply feed into the same ovarian response. This 

is difficult to study, however, as the literature is currently the product of many different tissue 

types, genetic backgrounds, ages and experimental techniques- creating a large source of 

experimental ‘noise’. By repeating these experiments in a single laboratory, with one strain of 

D. melanogaster, uniformity could be introduced.  Thus, providing a data set which is more 

easily comparable across conditions. This would help answer the question of whether different 

environmental influences disrupt reproduction through similar mechanisms.  
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Despite the potential for a minor role being played by a signal other than that of the nutrition 

response to sustained starvation, further targeted work would obviously include the following 

up of the most likely candidate based on the data so far- insulin signalling. DILPs are produced 

in a variety of tissues within a D. melanogaster, with DILPs 2, 3 and 5 being produced in the 

insulin producing cells of the brain (Cao and Brown, 2001; Géminard et al., 2009; Rulifson et 

al., 2002). These three (of the eight DILPs) are particularly interesting, as previous work has 

shown their altered signalling to be associated with many phenotypes (or changes in gene 

expression in RNA-seq) described in this thesis as being part of the response to QMP. For 

instance, the extension of lifespan (Broughton et al., 2005), response to oxidative stress 

(Broughton et al., 2005; Grönke et al., 2010), odour perception (Root et al., 2011), immunity 

and bacterial load post infection (McCormack et al., 2016) oocyte maturation (Richard et al., 

2005) and food intake (Söderberg et al., 2012). By staining D. melanogaster brains with HCR 

probes for the DILPs 2, 3 and 5, whether the level of expression, or location of these genes is 

alerting in response to QMP, or starvation, could easily be investigated. Disrupting this system, 

for instance through overexpression or RNAi of these genes, and testing for differences in the 

behavioural (Semaniuk et al., 2018) and ovarian responses to QMP would also be enlightening.  

 

Overall, based on the data presented in this thesis, as well as my published findings (Appendix 

3) in D. melanogaster, I propose the first model for how QMP is acting to induce repression in 

D. melanogaster. QMP is sensed in a highly complex, and likely redundant fashion- the exact 

mechanism of which is still unknown. This likely relies on a combination of odorant and 

gustatory receptors. This signal is presumably assimilated in the brain, where it induces a 

decoupling of nutritional status- essentially a sustained starvation signal is active whilst QMP 

is present. This starvation signal is transduced to the ovary, where the 2 a/b ovarian checkpoint 

reduces the number of oocytes which leave the germarium. The stage 9 checkpoint is also 

activated, inducing the degradation of a significant portion of oocytes. The combined action of 

these checkpoints effectively reduces the number of mature oocytes which are produced, 

allowing QMP to repress reproduction in D. melanogaster (Fig. 8.1). 
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Figure 8.1 The mechanistic model proposed in this thesis whereby QMP acts to induce 
reproductive repression in D. melanogaster. QMP is sensed, which indices an alteration of 
nutrient sensing in the brain, leading to starvation signals being sent to the ovary to activate the 
2 a/b and stage 9 checkpoints. The combined action of these reduces the number of mature 
oocytes produced. Ovariole diagram modified from (Wineland et al., 2018).  
 

8.3 Linking nutrition and diapause to theories on the evolution of eusociality 

 

Despite the identification of the phenotype being concordant with starvation, this does not 

preclude diapause pathways from playing a role. Diapause and nutritional status are closely 

linked, with a large part of diapause responsiveness being through changes in nutritional status. 

This identification of overlap between phenotypes and mechanisms associated with diapause 

and nutrition sensing provides an insight into the evolution of eusociality. Many of the current 

theories of eusociality rely on kin selection (alternatively termed inclusive fitness), simply put, 

it is the principle that genes for altruism can arise and be selected for if the cost to the individual 

is outweighed by the benefit to the group (Hamilton, 1964b). This theory relies heavily on 

relatedness, as without this there is no genetic benefit to altruism. This has been used as a 

starting point for further theories of how eusociality might arise, many of which are not 

mutually exclusive. They focus more, perhaps, on the circumstances under which eusociality 

might prove to be a selective advantage.  

 

One of these is termed sex ratio adjustment, which selects for the more useful sex (in this case 

the female caste), and is closely linked with diapause. Shifts in the timing of diapause have 

been theorised as a way in which alterations of ratios of sex within a population might arise 

(Hunt and Amdam, 2005; Quiñones and Pen, 2017; Seger, 1983). This is underpinned by 

diapause occurring in a partial bivoltine pattern- that where a female will produce two 

generations per year. Under these conditions the first generation produced will consist of both 

sexes of which then exhibit larval diapause as they overwinter. The second summer generation, 
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however, is skewed toward a female-bias, where they overwinter as adults which have mated 

before this adult diapause (Seger, 1983). This produces the altered sex ratios which are 

hypothesised to aid in the evolution of sociality. Because of this, it has been hypothesised that 

eusociality should arise more often in species which  diapause in adulthood (Quiñones and Pen, 

2017; Seger, 1983).  

 

A study of the current available data available in bees has shown some trends which may 

support these hypotheses (Santos et al., 2019). In an examination of over 150 bee species, it 

was found that of those which lead solitary lifestyles, over 70 % of them diapause in 

development. The social bees investigated, however, showed no developmental diapause.  

Instead there was a shift towards adult diapause, with 49 % of social species exhibiting adult 

diapause, as opposed to only 17.8 % in the solitary ones (Santos et al., 2019). They suggest, 

through ancestral state reconstruction, that shifts toward adult or reproductive diapause have 

occurred in the ancestors of lineages in which sociality has evolved (Santos et al., 2019). If this 

is the case, it implies that these shifts to adult diapause allow for the changes in sex ratios 

predicted to play a role in pre-adaptations to sociality. However, studies such as this do need 

to be interpreted with caution. There is a real possibility of ascertainment bias influencing the 

outcome- for instance the paper discusses that a group that appears to have shifted to 

reproductive diapause is perhaps an artefact of a large number of stingless bees which 

classically exhibit this type of diapause (Santos et al., 2019). Secondly, there are issues here 

with directionality. What is interpreted as shifts in modes of diapause preceding sociality may 

in fact be occurring after eusociality has evolved. More work is therefore required to untangle 

some of these potential issues. What work like this diapause study does show is that social 

lineages tend toward adult or reproductive diapause. This would support the concept that there 

are existing pathways for regulating reproduction and responses to the environment which are 

co-opted into controlling reproduction in eusocial lineages. It is quite possible that these 

pathways are the evolutionary ‘fodder’ upon which sociality is built. If mechanisms for 

regulating reproduction already exist within the population, then theoretically all that is 

required is the co-option of these, or perhaps the evolution of a signal to mimic the 

environmental trigger for these pathways- such as QMP mimicking starvation signals. The end 

product of which would be reproductive division of labour, a keystone of sociality. In this way 

the shift from developmental to adult or reproductive diapause may be key in the evolution of 

sociality, but perhaps not only in a sex-ratio altering manner. 
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Another theory that also relies on relatedness, as well as diapause and nutritional states is the 

paternal manipulation hypotheses. It is possible to see the merits in this hypothesis, where a 

single reproductive female may not be able to sufficiently feed her first brood, particularly in 

seasons or environments which are unpredictable, leading to impaired reproduction in her 

offspring. This is a behaviour natural selection could act upon. When coupled with the evidence 

that nutrition has significant effects on reproduction in insects (Bonfini et al., 2015; Kucharski 

et al., 2008; Kunieda et al., 2006),  this means that genes that respond to nutrition (and therefore 

may be manipulated by the parent), are good candidates to have been co-opted into 

reproductive constraint in eusocial lineages. It also fits neatly into the second rule suggested 

by Thompson, that the genes governing eusociality are likely to be environmentally sensitive 

(Thompson et al., 2013). Once again, my data is consistent with this hypothesis. 

 

It must be noted, however, that there would be a fine nutritional balance required in this 

scenario where the parent restricts the nutritional intake of their offspring. The restrictions 

placed upon diet may not only have positive effects on the group, such as repressed 

reproduction in the worker castes, but also negative ones. For example; In honeybees, protein 

restriction during development can lead to the production of workers that are lighter, shorter 

lived, perform the waggle dance poorly, are more likely to forage prematurely and die on the 

first day of foraging, and if they do survive, are less successful foragers in general (Scofield 

and Mattila, 2015). In this way, a middle ground would need to be reached, in which workers 

were not receiving sufficient nutrition to reproduce, but also were not so restricted as to perform 

poorly at the tasks required for the functioning of the hive. One can see how this is a way in 

which eusociality could arise, but from this it is likely that there would need to be other 

mechanisms evolved which could give a more precise regulation to this system. Otherwise, the 

social structure of the hive could conceivably disintegrate in response to changeable resources 

from year to year, or individuals capable of reproducing with greater efficiency arising. In this 

way, a system governed by other factors, such as pheromone regulated repression of 

reproduction, would likely be needed to maintain this structure which had arisen.  

 

The reproductive ground plan hypothesis is perhaps the theory that most heavily draws on 

diapause as its foundation. To put it simply, it is the idea that the normal cycling of diapause 

states could become uncoupled, leading to reproductive state becoming the queen caste, and 

the non-reproductive state becoming the workers. This principle of nutritional asymmetries 

being involved in the cyclic regulation of reproduction observed in diapause was supported by 



 204 

a recent study looking at the evolution of sociality in ants (Chandra et al., 2018). The use of 

ants was highly informative, as ants have a single origin of eusociality (Peters et al., 2017). 

They suggest that the key pathways underpinning the regulation of their reproduction, and as 

such the likely mechanism co-opted for a role in sociality, should be ancestral and ubiquitous 

across all ant species. They examined seven ant species with different modes of reproduction- 

from queens and worker castes to those which cycle in their reproduction. Comparing brain 

gene expression in reproductives and nonreproductives allowed for the identification of a single 

gene which was consistently differentially regulated with reproductive state- insulin-like 

peptide 2 (ilp2) (Chandra et al., 2018). It was found that the addition of larvae down-regulates 

ilp2, whereas the removal induces an upregulation. This implies that the signal of having 

offspring to care for downregulated ilp2, inhibiting reproduction. Their absence has the 

opposite effect, allowing for reproduction to resume (Chandra et al., 2018). If additional ILP2 

was provided in the presence of brood, then the adults reproduced even in the presence of their 

young. This has led to the proposal that during the transition from solitary to social life insulin 

signalling has become responsive to larval presence. Variation in the population likely meant 

that some larvae which emerged with fewer nutritional stores and lower ILP2, making them 

more susceptible to the repressive signals of the offspring. Thus producing the working caste. 

Others, however, may have emerged with higher nutritional stores and ILP2, and as such would 

have had reduced sensitivity to repressive larvae signals, and maintained their reproductive 

status (Chandra et al., 2018). This altered nutritional sensitivity could theoretically lead to 

reproductive division of labour, and fits nicely within the concepts of the reproductive ground 

plan hypothesis, as it fits the requirements of a decoupling of cyclic reproduction through 

altered nutritional sensing. It is easy to see how my work shows similarities to this, where 

reproductive changes which are key to sociality are underpinned by nutritional status.  

 
There is, however, a slightly different way of viewing the evolution of eusociality. It involves 

taking a step back from the current theories within the literature, as well as this period in time. 

Instead of looking at these as genes for altruism or sociality, it requires one to look at these 

genes as those that serve another function. These genes are likely co-opted from an already 

existing role, perhaps being modified and elaborated on over time (see requirement three from 

(Thompson et al., 2013)). Regardless, these genes did not come into existence as altruism 

genes- instead they likely played a role in nutrient sensing, diapause, reproductive regulation, 

environmental responsiveness etc. This way of thinking is somewhat encompassed in the loose 

genetic toolkit hypothesis. However, this hypothesis looks for commonalities across multiple 
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independent lineages of social insects. It is also looking for ancestral signatures in modern 

social insects. Where it fails to look is in non-social lineages, to investigate the roles these key 

pathways are playing without the selection of sociality and compare these to the changes 

sociality induces. If one thinks about it, does a gene’s ‘ancestral’ function, their traditional role, 

not also play a vital part in our understanding of sociality? Only by looking at the origins of 

current pathways of interest, will we ever be able to comprehend the starting point for sociality, 

and the forces which shape its evolution.  

 

In delving into these differing hypotheses of the rise of eusociality, it becomes clear that they 

are not necessarily mutually exclusive- there are commonalities between theories. Many of 

these models rely on kin selection or inclusive fitness- namely on the concepts that eusociality 

relies on high relatedness. This allows for the fitness costs to the individual to be compensated 

for by the benefits to the group resulting in higher indirect fitness. In this way, we see selection 

acting at the level of the group, as opposed to that of the individual, bypassing the traditional 

issues that one may have with the costs of individuals acting altruistically. Other central themes 

we see arising here are those associated with diapause. This common phenomena of regulating 

reproduction in response to the environment seems like a sensible place at which to start this 

evolutionary process. It provides a ground state in which there is already molecular machinery 

in place to alter reproductive activity, theoretically meaning that all that is required from here 

is the regulation of this system differing. This could be in the form of decoupling seasonality, 

for instance, allowing instead pheromonal or behavioural cues to alter states- perhaps through 

the mimicry of the original signals that triggered these processes. Seasonality is conceivably 

difficult to mimic, but the altered nutritional states associated with it is far less so. We are 

already aware of the close link between reproduction and nutrition, and there is already 

evidence to suggest that diapause states themselves may be underpinned by alterations in 

nutrition pathways. It therefore seems that all of the theories described above can funnel into 

the amalgamation that relies on high relatedness, existing cycling of reproductive states 

(diapause), and a mechanism through which this cycling acts; likely through nutrition. I believe 

the work shown in this thesis supports this as an overarching concept of the requirements for 

the evolution of eusociality.  
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8.4 How the data in this thesis relates to the evolution of the worker honeybee response to 

QMP 

 

The question can therefore be asked, how does this work inform our understanding of the 

evolution of eusociality in honeybees specifically? What has been learnt in D. melanogaster 

can be used as a starting point- it is now known that QMP is acting by inducing a starvation-

like state. This is characterised behaviourally by an increase in food intake. One could therefore 

predict that worker bees exposed to QMP would also exhibit an increase in food intake. 

However, this has been shown previously to not be the case (Duncan et al., 2016). Workers in 

the presence or absence of QMP do not appear to consume different quantities of food. This in 

itself is perhaps not surprising. The entire workforce for a species being under physiological 

starvation conditions, and therefore eating vast amounts of food, is not a positive trait. It would 

exhaust resources faster, and increase overall stress within the group. Instead, what I propose, 

is that in the evolution of honeybees with QMP, there has been a decoupling of the two aspects 

of starvation we observed in D. melanogaster. These two responses were; the behavioural food 

consumption response, and the ovarian repression response. If honeybees were able to still 

utilise the effective repressive abilities of nutrition signalling to regulate ovaries, without the 

detrimental effects of increase resource use, then this would be a beneficial and efficient system.  

 

Based on the data in this thesis, it appears that the response observed in D. melanogaster is the 

ancestral-like response to QMP. It gives an indication of the ancient and conserved processes 

which have been co-opted by QMP. When the mechanisms acting within the ovary of D. 

melanogaster and A. mellifera were compared, it was found that they initially appeared very 

different. Worker honeybees show differential expression of over 3, 500 genes (Duncan et al. 

submitted), a vastly greater number than the 60 observed changing in D. melanogaster. 

However, there were commonalities in the pathways which were changing, processes 

associated with redox, metabolism, transport etc.. Thus, D. melanogaster are likely exhibiting 

the ancestral response- where their response was less sensitive, environmentally responsive 

and involving relatively few genes. Honeybees, however, have evolved with QMP, likely in an 

ongoing arms race. This would have queens attempting to repress reproduction in their workers, 

and workers trying to escape repression and gain direct fitness. Over time, the mechanisms 

targeting would become harder to escape from (likely how Notch cell signalling has come to 

play such a vital role (Duncan et al., 2016)), and the response to QMP would become more 
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sensitive. We propose that the large scale changes in gene expression observed are the product 

of these ancestral pathways (still present in D. melanogaster) being tweaked and elaborated on 

over time- to create a more complex and specific form of reproductive regulation (Fig. 8.2).  

 

 
 
Figure 8.2 A figure showing our proposed evolutionary trajectory of QMP response. The 
mechanisms present in D. melanogaster are likely to be the ancestral like pathways QMP 
would have initially acted upon in its evolutionary process. Honeybees, however, have 
coevolved with QMP for 55 million years. As such, they have evolved a highly elaborate, 
specific and complex response to QMP.  
 
 
8.5 Brief summary of this thesis 
 
Overall, this thesis has shown that the response to QMP is likely highly complex, redundant 

and synergistic. The pathways which it targets are likely ancient, conserved, and have a high 

fitness cost when modified- making escape from repression difficult to evolve. I have shown, 

for the first time, a mechanism through which QMP acts in a non-target species- D. 

melanogaster. I have shown that this is through inducing a starvation like state, which increases 

food intake, whilst repressing the activity of the ovary. This is an indication that QMP likely 

co-opted existing nutrient signalling (and perhaps diapause) pathways to regulate reproduction.  

As worker honeybees do not share this food intake phenotype, but may have their reproduction 

regulated by nutrition signalling systems, it is likely honeybees may have decoupled the 

feeding behaviour from the reproductive aspect of starvation. This response in honeybees has 

therefore elaborated on the ancestral pathways present in D. melanogaster. 
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Appendix  
 
A1 
 
Table A1 A table showing the results of quality control carried out on the samples used for 
RNA-sequencing. Quality control was carried out using a bioanalyzer. Quality was determined 
by RIN (RNA Integrity Number). 
 
 

 
 
 
 
 
 
 
 

Hours exposed Treatment Replicate RIN 
12 Control 1 7.5
12 Control 2 7.1
12 Control 3 7.4
12 Control 4 7.6
12 QMP 1 7.3
12 QMP 2 6.9
12 QMP 3 7.3
12 QMP 4 7.4
24 Control 1 7
24 Control 2 6.9
24 QMP 1 7.4
24 QMP 2 7
48 Control 1 6.8
48 Control 2 6.7
48 QMP 1 6.7
48 QMP 2 6.9
120 Control 1 5.9
120 Control 2 5.6
120 Control 3 7.2
120 Control 4 7.4
120 QMP 1 6.9
120 QMP 2 5.9
120 QMP 3 7.1
120 QMP 4 6.6
120 Removed 1 6.8
120 Removed 2 6
120 Removed 3 6.8
120 Removed 4 6.9
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Table A2 A table showing the number of reads generated from RNA-sequencing. Included are 
number of reads after filtering, the reads which mapped to the genome, and also the reads which 
mapped to exons.  
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Hours exposed Treatment Replicate Reads after filtering Reads mapped Reads mapped to exons
12 Control 1 17199207 16171646 16169463
12 Control 2 17295545 16374842 16372804
12 Control 3 20683114 19381846 19379210
12 Control 4 20359746 19103230 19100878
12 QMP 1 17079473 16040927 16038579
12 QMP 2 18235152 17222817 17220468
12 QMP 3 20456386 19051368 19047516
12 QMP 4 20316191 19189854 19186385
24 Control 1 15799936 14967700 14965801
24 Control 2 17540048 16395053 16392930
24 QMP 1 17032353 15884273 15881860
24 QMP 2 16658451 15524044 15521450
48 Control 1 17570988 16589601 16587295
48 Control 2 18440516 17417877 17415558
48 QMP 1 17487288 16421790 16419133
48 QMP 2 18376680 17270725 17267792
120 Control 1 17114472 16177768 16175961
120 Control 2 18070302 16935645 16933723
120 Control 3 21574977 20256539 20253741
120 Control 4 22321311 21260352 21257637
120 QMP 1 15809787 14922625 14920887
120 QMP 2 17562540 16377827 16375062
120 QMP 3 22197404 20947241 20944464
120 QMP 4 20645487 19392975 19390094
120 Removed 1 17923929 16948174 16946251
120 Removed 2 18171387 17021557 17019372
120 Removed 3 19964361 18867064 18864769
120 Removed 4 20799063 19628847 19626596
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A B S T R A C T

Queen pheromones effect the reproductive division of labour, a defining feature of eusociality. Reproductive di-
vision of labour ensures that one, or a small number of, females are responsible for the majority of reproduction
within a colony. Much work on the evolution and function of these pheromones has focussed on Queen Mandibu-
lar Pheromone (QMP) which is produced by the Western or European honeybee (Apis mellifera). QMP has phy-
logenetically broad effects, repressing reproduction in a variety of arthropods, including those distantly related
to the honeybee such as the fruit fly Drosophila melanogaster. QMP is highly derived and has little chemical sim-
ilarity to the majority of hymenopteran queen pheromones which are derived from cuticular hydrocarbons. This
raises the question of whether the phylogenetically widespread repression of reproduction by QMP also occurs
with more basal saturated hydrocarbon-based queen-pheromones. Using D. melanogaster we show that saturated
hydrocarbons, are incapable of repressing reproduction, unlike QMP. We also show no interaction between the
four saturated hydrocarbons tested or between the saturated hydrocarbons and QMP, implying that there is no
conservation in the mechanism of detection or action between these compounds. We propose that the phyloge-
netically broad reproductive repression seen in response to QMP is not a feature of all queen pheromones, but
unique to QMP itself, which has implications for our understanding of how queen pheromones act and evolve.

1. Introduction

Reproductive division of labour is a key feature of social insect
societies, requiring a small number of females, indeed often a single
female, to be reproductively dominant, and her subordinate workers
to have their reproduction repressed (Oster and Wilson, 1978). To
achieve this in the Hymenoptera, a clade containing many eusocial
species, a mixture of behavioural aggression and chemical inhibition of
reproduction is used (Le Conte and Hefetz, 2008; Padilla et al.,
2016). Chemical inhibition occurs via queen pheromones (Matsuura et
al., 2010; Vargo and Laurel, 1994; Winston and Slessor, 1992).
These queen pheromones are produced by the reproductively domi-
nant female and are thought to signal her fecundity to subordinates
(Keller and Nonacs, 1993). Queen pheromones have been thought
to be complex- both in function and composition (Brockmann et al.,
1998; Slessor et al., 1988). They are theorised to be the product
of an evolutionary arms race between the dominant female repress-
ing reproduction, and the subordinate attempting to escape that re-
pression (Le Conte and Hefetz, 2008; Symonds and Elgar, 2008).
This ‘escape’ could be achieved through behavioural alterations or

genetic changes that overcome reproductive repression, for example
through decreased sensitivity to or avoidance of the queen pheromone.
It is hypothesised that this may lead to the evolution of increasingly
more elaborate pheromones or mechanisms of repression, to accomplish
reproductive dominance and eusociality (Katzav-Gozansky, 2006).

Cuticular hydrocarbons (CHCs) are produced in the exocrine glands
of insects, and secreted into the cuticle (Howard and Blomquist,
2005). CHCs have various functions including acting as contact
pheromones to convey information both between and within species.
CHCs vary by species, sex, genotype, behavioural status, group within
a society, reproductive state and physiology in both solitary and so-
cial insects (Howard and Blomquist, 2005). Queen signals within the
social Hymenoptera are commonly CHCs, particularly long-chain lin-
ear and methyl branched alkanes, although the nature of these com-
pounds varies between species (Van Oystaeyen et al., 2014). Van
Oystaeyen et al. showed that that saturated hydrocarbons may act as
sterility-inducing cues, or as indicators of fertility, in 57 out of 64 so-
cial Hymenoptera, implying evolutionary conservation in the class of
compound used to control reproduction. This is remarkable as it in-
dicates that CHCs have repeatedly become co-opted into maintaining
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worker sterility in five independent origins of eusociality. The wide-
spread use of saturated hydrocarbons implies that these molecules may
have functioned as fertility cues in the ancestor of extant bees, ants and
wasps (Van Oystaeyen et al., 2014). A subset of these saturated hy-
drocarbons were the linear alkanes; pentacosane (n-C25), heptacosane
(n-C27), octacosane (n-C28) and nonacosane (n-C29) which were iden-
tified in a bumblebee, a wasp and an ant species (Bombus terrestris,
Vespula vulgaris and Cataglyphis iberica). These compounds were func-
tionally demonstrated to act as sterility – inducing queen pheromones
(Van Oystaeyen et al., 2014). It is important to note, however, that
n-C25 is found on the cuticle, as well as in most exocrine glands of
both reproductive and non-reproductive bumble bees (Amsalem et al.,
2014; Amsalem et al., 2009) which is not consistent with it function-
ing as a queen pheromone. No single linear alkane molecule repressed
reproduction in all three species, however, all tested species had their
reproductive capacity reduced by at least one of these compounds. This
is consistent with the idea that linear alkanes in particular may have
convergently evolved a role as queen pheromones in the eusocial Hy-
menoptera. It is proposed these signalling molecules may have evolved
from chemical cues of a solitary ancestor (Van Oystaeyen et al., 2014)
~180 million years ago (Peters et al., 2017).

Despite the importance of saturated hydrocarbons as hymenopteran
queen pheromones, Queen Mandibular Pheromone (QMP), produced
by queen honeybees (Apis mellifera), is still the most studied social in-
sect queen pheromone (Keeling et al., 2003; Pankiw et al., 1994;
Slessor et al., 1988). Although tergal gland secretions, which con-
tain alkene hydrocarbons, have been implicated in repressing worker re-
production (Wossler and Crewe, 1999) the effect is generally much
smaller than observed for QMP (Holman, 2018). QMP is, however,
highly derived and distinct from other social hymenopteran queen
pheromones (Van Oystaeyen et al., 2014). It is a complex pheromone
with five major components - none of which are saturated hydrocar-
bons. QMP has been shown to repress oogenesis in virgin D. melanogaster
females, producing ovaries with fewer mature oocytes when exposed
(Camiletti et al., 2013; Sannasi, 1969). This is surprising given the
evolutionary distance between honeybees and Drosophila is ~340 mil-
lion years (Misof et al., 2014). QMP also represses reproduction in
a variety of other arthropods, including a species of ant (Carlisle and
Butler, 1956), termite (Hrdý et al., 1960), house fly (Nayar, 1963)
and even a prawn (Carlisle and Butler, 1956), spanning evolutionary
distances of more than ~530 million years (Misof et al., 2014).

We hypothesise that there are two possible scenarios for the broad
phylogenetic range over which QMP represses reproduction. The first
is that QMP has evolved to target highly conserved pathways to re-
press reproduction. This scenario is consistent with our current molecu-
lar understanding of how QMP acts to control reproduction in the hon-
eybee ovary (Duncan et al., 2016; Ronai et al., 2016). These stud-
ies demonstrate that QMP modulates highly conserved processes within
the honeybee ovary (Duncan et al., 2016; Ronai et al., 2016) and
Notch signalling in particular is known to be environmentally responsive
(Hsu and Drummond-Barbosa, 2011). This may imply that QMP has
evolved to target ancient mechanisms for responding reproductively to
environmental stimuli. QMP has evolved over the last ~55 million years
(Peters et al., 2017). However, despite evolving relatively recently it is
capable of repressing reproduction in species 530 million years diverged
(Carlisle and Butler, 1956; Misof et al., 2014). If QMP has evolved
to modulate conserved pathways controlling reproduction other, less de-
rived, queen pheromones might not be expected to share this effect.
Therefore, the broad range of arthropods repressed by QMP would not
be similarly repressed by other social hymenopteran queen pheromones.

The second option is that all of the cuticular hydrocarbons, iden-
tified as putative basal queen pheromones in the Hymenoptera, are

capable of repressing reproduction in a phylogenetically broad range of
animals, similar to QMP. This would mean the repression of reproduc-
tion observed by Van Oystaeyen et al. may be attributed to conserved
mechanisms being targeted by all hymenopteran queen pheromones, not
only QMP. If D. melanogaster reproduction is impaired by these ances-
tral-like queen pheromones then this would imply that this broader class
of compounds are also targeting conserved mechanisms of reproductive
repression, and that this property is not unique to QMP. If linear alkanes
do not repress reproduction in D. melanogaster, then this implies these
queen pheromones are specialised to act in the insect groups in which
sociality evolved and as such have a narrower phylogenetic span than
that of QMP.

In this study, we test the ability of saturated hydrocarbons to repress
reproduction in D. melanogaster. We also test for synergistic interactions
between the linear alkanes and also with honeybee QMP. This has im-
plications for the pathways through which they act. If they disrupt or
potentiate the action of each other, it would suggest the derived QMP
shares mechanisms of detection or action with the ancestral social hy-
menopteran pheromones, further informing us about their evolutionary
trajectories. If they were acting through the same mechanisms to cause
reproductive repression it would indicate that selective pressure or drift
has acted to change the inputs (pheromones) into this pathway. If they
do not interact, it would indicate that the mechanisms through which
QMP is detected or acts are different from those used by linear alkanes.
We conclude that the wide phylogenetic span of arthropod species on
which the repressive function of QMP acts is a derived evolutionary nov-
elty, not a feature of the broader class of queen pheromones from which
QMP evolved.

Methods

1.1. D. Melanogaster stocks and maintenance

The Oregon-R modENCODE line (Stock #25211 from the Blooming-
ton Drosophila stock centre) was used for all D. melanogaster work in
this study. Stocks were maintained at 25 °C on a 12h:12h light/dark cy-
cle. Flies were raised on a sugar/yeast medium; of 3L dH2O, 200g or-
ganic cornmeal, 50g brewer’s yeast, 140g sugar, 20ml propionic acid
and 15ml 10% methyl p-hydroxybenzoate in absolute ethanol.

1.2. Virgin collection

Only virgin female D. melanogaster were used for this study. These
were anaesthetised with CO2, and observed under a GXM-XTL stereomi-
croscope (GT Vision, UK), with phenotypically virgin females being iso-
lated based upon the characteristics of enlarged abdomens, pale coloura-
tion and presence of the meconium. Virgins were collected within one
hour of emergence, isolated with other virgin females, and stored at
room temperature for 24h.

1.3. Pheromone dilutions

1.3.1. QMP dilutions for concentration gradient
Queen Mandibular Pheromone (QMP) from queen honeybees (A.

mellifera) is quantified in Queen equivalents (Qe). One Qe is the amount
a mated queen will produce in a 24h (Pankiw et al., 1996). QMP
contains five major components (Slessor et al., 1988), that make up
1 Qe for a European mated queen in the following amounts; 200µg
9-keto-(E)-2-decenoic acid (ODA), 80µg 9-hydroxy-(E)-2-decenoic acid
(9-HDA), 20µg methylp-hydroxybenzoate (HOB), and 2µg 4-hy-
droxy-3-methoxyphenylethanol (HVA) (Pankiw et al., 1996). QMP
(Intko Supply Ltd, Canada) was dissolved in absolute ethanol to the con-
centrations of 3.25 Qe, 6.5 Qe, 13 Qe and 26 Qe, and stored at −20 °C
until use.
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1.3.2. Linear alkane dilutions and mixtures
The linear alkanes pentacosane (n-C25), heptacosane (n-C27), octa-

cosane (n-C28) and nonacosane (n-C29) were used based on experimen-
tally determined doses identified in the study by Van Oystaeyen et al.,
2014. These compounds had been identified as components queen sig-
nals, from the bumblebee, wasp and ant species B. terrestris, V. vulgaris
and C. iberica. The values previously calculated were used to determine
1 Qe in the Van Oystaeyen study, this was based on the absolute amount
present upon the queen’s cuticle. 26 Qe was used for the treatment in
this study (based on high QMP doses in D. melanogaster exposure studies
(Camiletti et al., 2013). In order to maximise the chances of finding
similar biologial effects of linear alkanes we treated D. melanogaster with
levels of the linear alkanes 26 fold higher than those found in relevant
queens from Van Oystaeyen et al. (2014). One Qe of each alkane for
use in D.melanogaster was defined as the highest amount produced by
one of the three species in Van Oystaeyen et al. (2014) B. terrestris;
232.5μg n-C25, V. vulgaris; 118μg n- C27, 6.1μg n-C28, 19μg n-C29. The
alkane blend was a combination of all four linear alkanes discussed each
at 26 Qe. The linear alkanes were dissolved in HPLC grade pentane, and
stored at −20 °C. Pentane was used as the control treatment.

1.4. Pheromone exposure in D. Melanogaster

1.4.1. QMP concentration gradient exposure in D. Melanogaster
Modified vials were made from 50ml centrifuge tubes. Tubes were

heated and the collection end was removed. Two layers of Whatman
number 1 filter paper shaped to fit the inside of the lid and these were
screwed into place. A cotton ball was used to plug to cut end of the tube.
Virgin D. melanogaster were aged for 24h, before being put in modified
vials, and 500μl of a liquid diet was added. This liquid diet was made
fresh on the day of use in 5ml aliquots. The diet contains 4.75ml dH2O,
5% absolute ethanol, 0.15 g sugar and 0.1 g brewer’s yeast (Camiletti
et al., 2013). On top of this diet, 20μl of QMP solution was added. The
virgin D. melanogaster were anaesthetised with CO2, and 10 were added
to the vial lying on its side, and allowed to recover before the vial was
incubated upright at 25 °C for 48h. Each treatment consisted of seven
replicates and each replicate included 10 individuals (n=70).

1.4.2. Linear alkane exposure in D. Melanogaster
Diet and vial set up were as described for the concentration gradient

above. On top of this liquid diet, 100μl of the linear alkane solutions
were added. The virgin D. melanogaster were anaesthetised with CO2,
and 10 were added to the vial lying on its side, and allowed to recover
before the vial was incubated upright at 25 °C for 48h. D. melanogaster
were exposed to each of the linear alkanes individually, as well as the
mixture of all four. The positive control for ovary repression was 26 Qe
of A. mellifera QMP, dissolved in absolute ethanol. Each treatment had
five replicates of 10 individuals (n=50).

1.4.3. Linear alkane and QMP combined exposure in D. Melanogaster
Virgin D. melanogaster were exposed to a combined exposure of

linear alkanes and a low dose of honeybee QMP. QMP was diluted
to a dose of 3.25 Qe. This low dose was designed to induce minor
repression, allowing for further reduction in mature oocyte number
should the linear alkane mix interact synergistically interact with QMP.
Ethanol was used as the solvent control for QMP. There were three
control combinations used to test the interaction between the alkane
mix and QMP; ethanol and pentane, linear alkane mix and ethanol,
3.25 Qe QMP and pentane. Exposure method and timing was carried
out as described for single linear alkanes. The only difference was the

addition of two treatments to the top of the liquid food, as opposed to
the one addition described above.

1.4.4. D. Melanogaster ovary dissection and fixation
Ovary dissections were performed using a GXM-XTL stereomicro-

scope (GT Vision, UK) after D. melanogaster had been briefly anaes-
thetised with CO2. Ovaries were dissected into a petri dish containing
ice-cold PBS. Any ovaries that were damaged or lost oocytes in the dis-
section process were discarded. These were stored in 400μl PBS on ice
until all dissections were complete (<30min).

PBS was removed from the microcentrifuge tube containing dis-
sected ovaries, down to 50μl. To the tube added 900μl PBS and 4%
formaldehyde. Ovaries were rocked at room temperature for 10min. Fix-
ative was removed, and ovaries were washed four times with PTx (PBS
with 0.1% TritonX). Fixed ovaries were stored in 70% ultrapure glycerol
at 4 °C in the dark until slide mounting. Ovaries were stored in glycerol
for at least 24h before being bridge-mounted for microscopy. The num-
ber of mature (vitellogenic) oocytes was determined by manual counting
under a GXM-XTL stereomicroscope (GT Vision, UK) and was used as a
measure of fecundity (King, 1970).

1.5. Statistical analysis

The number of mature oocytes per ovary in the D. melanogaster was
analysed using R Studio version 3. 5. 2. Assessment of whether the data
fit a normal distribution was carried out using a Shapiro-Wilk test, all
data showed a non-normal distribution and so Generalised Linear Mixed
Models (GLMMs) with a Poisson error structure were used using lme4,
in all cases treatment was treated as a fixed effect and the slide number
as a random factor. The maximal model was simplified using Analysis of
Deviance (AOD) to assess the effect of removing terms. Where an effect
of treatment was found, pairwise comparisons between treatments were
carried out using emmeans using a Tukey post-hoc test, to correct for
multiple testing. Effect sizes (Log odds) and 95% confidence intervals
were calculated from the GLMMs using R Studio version 3. 5. 2. (Sup-
plementary Fig. 1).

2. Results

2.1. D. Melanogaster are reproductively repressed by honeybee QMP in a
dose-dependent manner

As previously reported (Camiletti et al., 2013) the number of ma-
ture oocytes in a D. melanogaster ovary is decreased in a dose-dependent
manner by exposure to QMP for 48h (Fig. 1) (AOD χ2 =56.142, df=4,
p=1.87×10−11). At the lowest dose of QMP tested (3.25 Qe) the num-
ber of mature oocytes was repressed by 36% (Ethanol mean=17.56,
3.25 Qe mean=11.27p=0.0140). The highest exposure tested (26 Qe)
reduced the number of mature oocytes by 71% (Ethanol mean=17.56,
26 Qe mean=5.02p=<0.001) (Fig. 1).

2.2. D. Melanogaster are not reproductively repressed by putative basal
hymenopteran queen pheromones

To determine whether D. melanogaster are reproductively repressed
by the putative conserved social insect queen signals, virgin females
were exposed to the linear alkanes pentacosane (n-C25), heptacosane
(n-C27), octacosane (n-C28) and nonacosane (n-C29). The 26 Qe dose
of QMP was included as a positive control for reproductive repres-
sion. QMP induced the expected repression (AOD χ2 =52.597, df=7,
p=4.26×10−9) (Fig. 2), reducing the number of mature oocytes by
59% (Ethanol mean=8.14, 26 Qe mean=3.36p=<0.001). Note that
this is a slightly lower magnitude of repression than observed in Fig.
1, likely due to differences in protein sources used for diet prepara-
tion. Consistent with this the solvent only controls in Fig. 1 have fewer
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Fig. 1. A jittered box and whisker plot showing the number of mature oocytes from newly
emerged virgin female D. melanogaster that were exposed to honeybee QMP in a concen-
tration gradient from 3.25 to 26 Qe, with the ethanol solvent control. Exposure was for
48h. Significant repression (p<0.05) was induced at all concentrations tested relative to
controls.

mature oocytes (Fig. 1, Ethanol mean=17.56) than the solvent only
controls in Fig. 2 (Fig. 2, Ethanol mean=8.14).

The high dose QMP positive control (26 Qe) was the only signif-
icant reproductive repression observed, and none of the single linear
alkanes tested altered the number of mature oocytes produced (n-C25
p=0.987, n-C27 p=1.000, n-C28 p=1.000, n-C29 p=1.000). To test
whether these compounds interact to repress reproduction we treated D.
melanogaster with a blend of all four linear alkanes. This blend also did
not cause reproductive repression and did not alter the number of ma-
ture oocytes produced (p=1.000).

2.3. Linear alkanes and honeybee QMP do not act synergistically

To test whether there was any synergistic interaction between QMP
and the linear alkanes, the high dose alkane mix (26 Qe) was given as
well as a low dose of QMP (3.25Qe) (Fig. 3). This dose of QMP was
chosen to induce minor repression (Fig. 1), but not to the same extent
observed as a result of exposure to 26Qe (Fig. 1). By inducing a small
reduction in the number of oocytes, we sought to observe synergistic or
antagonistic effects on reproduction between QMP and the linear alka-
nes.

There was no effect of any of these treatments on the number of
mature oocytes in this experiment (AOD χ2 =3.45, df=3, p=0.3273)
(Fig. 3). Consistent with Fig. 2 there was no statistically significant re-
pression induced by the high-dose alkane mix. The low-dose QMP with
pentane control acted as anticipated, where there was a small reduc-
tion in the number of mature oocytes produced (decreasing the number
of mature oocytes by ~23%, Pentane+ethanol mean=7.59, 3.25 Qe
mean=5.82), but this was not statistically significant.

Treatment with 3. 25Qe QMP and the blend of linear alkanes did not
affect the number of mature oocytes produced. This demonstrates that
there is no synergistic interaction between the linear alkanes and hon-
eybee QMP and that QMP was not able to potentiate the effects of these
linear alkanes to cause reproductive repression.

3. Discussion

As in previous studies, we have shown that D. melanogaster are re-
productively repressed by honeybee QMP (Fig. 1) (Camiletti et al.,
2013). Initially, this appears an unusual phenomenon, as Drosophila
are not eusocial and are not closely related to honeybees (they are
separated by ~340 million years of evolution (Misof et al., 2014)).
Drosophila would also be unlikely to come into contact with QMP in
their natural environment as these species occupy very different habi-
tats to the honeybee. As such, they presumably have not evolved to
specifically repress reproduction in response to QMP. Additionally, QMP
mediated repression of reproduction in non-target species is well es-
tablished (Camiletti et al., 2013; Carlisle and Butler,

Fig. 2. A jittered box and whisker plot showing the number of mature oocytes from newly emerged virgin female D. melanogaster that were exposed to the linear alkanes pentacosane
(n-C25), heptacosane (n-C27), octacosane (n-C28) and nonacosane (n-C29) at dose of 26 Qe singularly, or as a blend of all four linear alkanes. Pentane was used as solvent control. Exposure
was for 48h. 26 Qe of QMP from honeybees was used as a positive pheromone control, with the associated ethanol solvent control for QMP. The only statistically significant repression
(p<0.05) was induced by the high dose QMP.
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Fig. 3. A jittered box and whisker plot showing the number of mature oocytes from newly emerged virgin female D. melanogaster that were exposed to a blend of the four linear alka-
nes pentacosane (n-C25), heptacosane (n-C27), octacosane (n-C28) and nonacosane (n-C29) at dose of 26 Qe. Pentane was used as a solvent control for the alkanes. 3.25Qe of QMP from
honeybees was used to induce low levels of ovary repression, with the associated ethanol solvent control for QMP. Exposure was for 48h. There was no statistically significant repression
induced by any of the treatments.

1956; Hrdý et al., 1960; Nayar, 1963); this suggests QMP may have
evolved to target conserved pathways to repress reproduction. What re-
mains unknown is the evolutionary history of this response- namely,
is this wide phylogenetic span of repression a feature that is derived
and novel to honeybee QMP? Or is it a feature of the ancestral queen
pheromones from which QMP has presumably evolved?

Linear alkanes have been identified to act as a conserved class of
repressive cues in the Hymenoptera by Van Oystayaen et al. In this
study, we tested the ability of these queen pheromones to repress re-
production in D. melanogaster. We show that the linear alkanes penta-
cosane (n-C25), heptacosane (n-C27), octacosane (n-C28) and nonacosane
(n-C29) do not reduce the number of mature oocytes produced in the
D. melanogaster ovary (Fig. 2). We also tested the hypothesis that these
compounds may interact additively or synergistically to repress repro-
duction, but a blend of all four alkanes also showed no reduction in
the number of mature oocytes (Fig. 2). Determining appropriate doses
of individual queen-pheromones to test (Holman et al., 2017), par-
ticularly in cross species comparisons as presented here, is challeng-
ing. In this study we verified that maximal repression of ovary activ-
ity by QMP was observed with 26 qe of QMP, similar to that previ-
ously reported (Camiletti et al., 2013). Similarly, we chose to treat
Drosophila with 26 qe of the individual linear alkanes, calculating qe
based on the highest levels of individual linear alkanes found in ei-
ther B. terrestris, V. vulgaris or C. iberica queens (Van Oystaeyen et
al., 2014), rather than test idential microgram quantites of each linear
alkane. Our rationale was that these linear alkanes are present in B. ter-
restris, V. vulgaris and C. iberica at different levels and that this may re-
flect differences in biological activity of these compounds. To maximise
the likelihood of finding a physiological effect of these compounds, but
remain within the realm of physiologically relevant doses that work-
ers of these species might be exposed to, we treated D. melanogaster
with doses of linear alkane 26 fold higher than produced by queens of
B. terrestris, V. vulgaris and C. iberica. It is also important to note that

D. melanogaster has a smaller biomass than either B. terrestris and V.
vulgaris workers and is similar to C. iberica so that the relative dose D.
melanogaster were exposed to in this study is potentially higher than 26
fold and higher than workers of these species would be exposed to. That
D. melanogaster don’t respond to these relatively high doses of linear
alkanes is consistent with these compounds not having any biological
activity in repressing ovary activity in D. melanogaster.

That these basal Hymenopteran queen-pheromones don’t affect re-
production in D. melanogaster may be due to an inability of D.
melanogaster to detect these compounds. These linear alkanes tested in
this study are derived from cuticular hydrocarbons (Van Oystaeyen
et al., 2014), which are known to vary in both quantity and iden-
tity between species (Blomquist and Bagnères, 2010) so much so
that even sister species can have distinct cuticular hydrocarbon profiles
(Morrison and Witte, 2011). It could be that these compounds are un-
able to effect reproduction in D. melanogaster because they are not de-
tected. However, all four linear alkanes tested are components of the
D. melanogaster CHC profile, pentacosane (n-C25) varies with geograph-
ical location in D. melanogaster populations (Rajpurohit et al., 2017)
and all four of the linear alkanes tested in this study vary in male D.
melanogaster with social group and genotype (Kent et al., 2008) sug-
gesting that this species can detect and respond these compounds. It is
also possible that these compounds may be affecting other aspects of D.
melanogaster reproductive biology that were not examined in this study,
such as courtship or mating, as CHC profiles are known to be altered by
mating status (Everaerts et al., 2010). We hypothesise that rather than
a lack of detection, these compounds are targeting a pathway or process
to repress reproduction that isn’t conserved between hymenoptera and
Drosophila. This may be due to a loss of function of in the lineage leading
to D. melanogaster or a gain of function in the hymenopteran lineage. To
test this hypothesis we need a mechanistic understanding of how these
linear alkanes are detected and how this signal is translated into repro-
ductive repression in social hymenoptera (Holman et al., 2019).
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We also tested whether there was a synergistic interaction between
the linear alkanes and QMP (Fig. 3). The linear alkane blend neither
potentiated nor disrupted the minor repressive effect of low dose QMP
(Fig. 3). This implies that QMP is acting through a different mecha-
nism to the linear alkanes and as such can repress reproduction in D.
melanogaster. The response to QMP in D. melanogaster, and other non-tar-
get species, therefore is a derived feature of QMP, not a reflection of a
conserved class of ‘insect pheromone’.

Surprisingly, QMP is capable of seemingly ubiquitously repressing
highly diverged, non-target species- whereas the other social hy-
menopteran queen pheromones cannot. QMP has been evolving for ~55
million years (Peters et al., 2017), yet represses species that diverged
~475 million years prior to the start of QMP evolving (Misof et al.,
2014). This makes QMP capable of targeting conserved pathways more
ancient than QMP itself. The evolutionary origins of QMP are unclear,
but it has been hypothesised that an increase in social complexity would
be accompanied by an increase in the complexity of pheromones poten-
tially as the result of an arms race between queens and workers over
worker reproduction where workers evolve resistance to reproductive
repression and queens evolve new pheromone components that over-
come that resistance (Bourke, 1988; Holman, 2018; Katzav-Gozan-
sky, 2006; Kocher and Grozinger, 2011). One consequence of such
an arms race might be the evolution of pheromones that target con-
served pleiotropic pathways that are difficult to evolve resistance to
- as escape would come with high fitness costs. One such example is
the previously identified Notch cell signalling pathway (Duncan et al.,
2016), which is key for QMP mediated reproductive repression in hon-
eybees but also has pleiotropic and conserved roles in other fundamen-
tal processes including neurogenesis. These fundamental and pleiotropic
roles mean that there is selective pressure to retain a functioning Notch
signalling pathway. If such pathways are also evolutionary conserved,
then targeting this system may cause responses in a wide range of
species- just as we see with QMP. Thus the broad effect of QMP in
arthropods is not a feature of ancestral queen pheromones, but instead
may be a derived feature unique to QMP itself. This may reflect that
QMP has evolved to target an evolutionarily conserved mechanism, pos-
sibly derived from an environmental signal linked to temperature or nu-
trition, for repressing reproduction.
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